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Abstract 
COMPUTATIONAL INSIGHTS ON THE OXYGEN 






Advisor: Professor Marilyn R. Gunner 
The	  Oxygen	  Evolving	  Complex	  (OEC)	  of	  Photosystem	  II	  (PSII)	  is	  a	  unique	  Mn4O5Ca2+	  cluster	  
that	  catalyzes	   the	  photoactivated	  water	  splitting	  reaction.	  The	  OEC	   is	  a	  model	  system	  for	  
bio-­‐inspired	  artificial	  systems	  to	  use	  solar	  energy	  to	  pull	  electrons	  from	  water	  to	  produce	  
fuel.	   The	  OEC	   goes	   through	   a	   cycle	   of	   5	   S	   states	   storing	   4	   holes,	   via	   electron	   transfer	   to	  
P680+,	   the	  primary	  electron	  donor	   in	  PSII	   to	  generate	  a	  high	  valence	  S4	  state	   that	  oxidizes	  
water.	  The	  key	  questions	  are	  what	  controls	  the	  order	  of	  oxidation	  and	  deprotonation	  of	  the	  
OEC	   complex	   and	   how	   does	   the	   PSII	   protein	   modulate	   the	   cluster	   behavior.	   	   Here,	   we	  
present	   a	   classical	   electrostatics	   Monte	   Carlo	   (MC)	   technique,	   with	   input	   from	   density	  
functional	  theory	  (DFT)	  and	  molecular	  dynamics	  (MD)	  to	  study	  the	  thermodynamics	  of	  the	  
S0	  to	  S3	  states	  in	  a	  cluster	  embedded	  in	  the	  whole	  PSII.	  The	  model	  is	  tested	  against	  model	  
complexes	  and	  yields	  a	  very	  good	  agreement	  with	  the	  experiment.	   	   In	  the	  simulation,	   the	  
electrochemical	  potential	  (Eh)	  is	  varied	  to	  oxidize	  the	  OEC.	  The	  MC	  sampling	  allows	  the	  µ-­‐
oxo-­‐bridges,	   terminal	  waters	   and	   amino	   acid	   residues	   to	   change	   their	  protonation	   states	  
and/or	   their	   rotamer	   position	   to	   respond	   to	   the	   Mn	   oxidation.	   In	   addition,	   chloride	   is	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allowed	  to	  move	  during	  the	  cycle.	  The	  order	  of	  Mn	  oxidation	  found	  here	  is	  Mn2,	  Mn3,	  Mn4	  
and	  finally	  Mn1	  as	  the	  system	  goes	  from	  the	  S0	  to	  S3	  states.	  	  In	  the	  S-­‐1	  state	  O1	  and	  O4	  are	  
protonated	  as	  are	  the	  terminal	  waters	  on	  Mn4	  and	  the	  Ca2+.	   	  O4	  and	  O1	  are	  deprotonated	  
when	  S0	  and	  S1	  are	  formed	  respectively.	  	  The	  formation	  of	  S2	  includes	  proton	  transfer	  from	  
W2	   to	   the	   nearby	   D61,	   reducing	   the	   release	   of	   protons	   to	   the	   media,	   consistent	   with	  
experimental	   measurements.	   Protons	   are	   also	   lost	   from	   H337	   and	   E329.	   	   The	   proton-­‐
release	  pattern	   is	  compared	   fixing	   the	  protonation	  states	   for	  H337,	  D61,	   terminal	  waters	  
and	  with	   chloride-­‐depleted	   PSII.	   The	   calculated	  midpoint	   potential	   of	   each	  Mn	   and	   their	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1.1 Introduction   
The sun is one of the most important renewable energy sources on the earth, providing 174 
petawatts (PW) of energy per year. However, only a minuscule fraction of it is used. 3 The 
mechanisms used by the biological systems to convert the light into chemical energy have been 
studied to understand how complex chemistry is carried out in these proteins. This may allow us 
also to mimic their function in artificial systems. Photosynthesis is a reaction where light is 
converted into chemical energy with an efficiency of 3-6%. 4 In this reaction, light energy is used 
by Photosystem II to split water to extract electrons and protons, with molecular oxygen 
produced as a by-product.5-7 A series of reactions move electrons downhill to cytochrome the b6f 
complex, which in turn reduces Photosystem I. Photosystem I uses an additional photon to 
transfer electrons through a quinone and set of iron-sulfur clusters, to Ferredoxin-NADH, which 
reduces NADP+ to NADPH. The protons released in this series of reactions add to the proton 
gradient used to power ATP synthesis.8,9,10 
  
 
Figure 1.1 The electron transfer pathway from the source (water molecules) to the destination 
(NADPH). The protein structures for PSII, Cytochrome b6f and PSI are based on coordinates in 
PDB ID 3ARC, 3LW5 and IJB0 respectively. 
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 Photosystem ΙΙ is a multi-subunit protein complex that exists in the thylakoid membranes 
of higher plants, algae and cyanobacteria. It transfers the light energy in the visible wavelength 
region into redox energy that can catalyze the oxidation of water to molecular oxygen. The 
reaction also transfers electrons and protons that create the gradient necessary for ATP 
synthesis.11,12,13,14	  This photochemical reaction is initiated by the excitation of the primary donor 
molecule P680 to P680* upon the absorption of photon of 680 nm wavelength. The excited 
P680* reduces a nearby pheophytin molecule (Pheo) to form the intermediate radical pair 
P680•+Pheo•-. Then the Pheo reduces a plastoquinone molecule QA bound to the D2 subunit to 
form the P680•+PheoQA- state.15 Within 200 microseconds the (QA-) reduces another 
plastoquinone molecule (QB) to produce P680•+PheoQAQB-.16    The QB plastoquinone is reduced 
again in the next photochemical turnover to QB-2 before it gets protonated and released to the 
lipid bilayer to be oxidized by cytochrome b6f complex of photosystem Ι.17 
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Figure 1.2 The electron transfer chain in the Photosystem II. The figure is constructed based on 
the 1.9Å structure with PDB ID 3ARC. 1 
 
 The P680 is a very strong oxidant with a reduction potential of 1.2V, sufficient to oxidize 
water through a proton coupled electron transfer reaction.18 The primary donor P680 oxidizes the 
secondary donor molecule, TYR161 (Yz) in the D1 subunit. Yz in turn oxidizes the Oxygen 
Evolving Complex (OEC), a manganese cluster coordinated by the D1 and CP43 subunits.  The 
OEC catalyzes the extraction of electrons from two-bound substrate waters.19 After four 
photochemical turnovers one oxygen molecule is released to the atmosphere and four protons to 
the lumen. The OEC metalloenzyme core consists of a cluster four manganese ions and calcium 
ion.  Chloride ions are also found to be essential for the OEC catalytic function.20-­‐23 
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 The process of water splitting driven by the Oxygen Evolving Complex (OEC) of 
photosystem ΙΙ produces the oxygen required for all of life, in an efficient use of the solar power. 
The complex that catalyzes this reaction i.e. the OEC works as a charge accumulator. It is 
oxidized by the primary donor molecule P680 in a four-steps photochemical cycle called the S-
state cycle with an index shows the oxidation rank of each state i.e. S0 is the most reduced state 
and S4 is the most oxidized state.24  The OEC pulls four electrons out from two water molecules 
to reset itself to the most reduced state S0.24 The transition from S4 to S0 state, which released the 
product water, is spontaneous and fast. 
 Although P680 is among the strongest oxidants found in biology, its oxidation potential is 
not enough to oxidize one water molecule to a hydroxide plus a proton and electron, which 
requires 2.3 V.25	  However, the average potential required to oxidize two waters to molecular 
oxygen plus four protons and four electrons is only 0.81V at pH 7. The OEC overcomes the 
high-energy required for one electron oxidation of water by having the Mn cluster move through 
Figure 1.3. The Cuban shape of the Mn4O5Ca2+ cluster found in the latest crystal structure 1.9 A 
by Umena et.al. 1 The bridging oxygens are shown in red.   
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a series of lower energy catalytic intermediates (i.e. Kok cycle), to produce a state (S4) that can 
oxidize water to O2 without needing any stable oxygenic intermediated. 
 
 
Figure 1.4. The Kok cycle of the oxygen-evolving complex includes four catalytic 
intermediates. This proton coupled electron transfer  (PCET) accumulates 4 holes through 4 steps 
of light driven cluster oxidation. 
 
 
 The mechanism of OEC catalyzed water oxidation is still not well understood. For 
example, the order of Mn oxidation through the photo-induced Kok cycle is unknown. In 
addition, the proton release pattern through the catalytic cycle is dependent on the experimental 
condition and the source of protons as well as the mechanism of proton transfer is not clear 
yet.26,27 Moreover the role of Ca2+, Cl- and amino acids surrounding the Mn4O5Ca2+ cluster is still 
under investigation.28 However, many experimental and computational methods have been used 
to investigate the structure/function of the OEC. Different X-ray spectroscopy techniques, 
including X-ray diffraction, EXAFS and XANES have been used to get information about the 
structure of the OEC.29-­‐31 X-ray diffraction is able to locate the electron density of the 
Mn4O5Ca2+ and the surrounding ligands at more reduced states of the cluster, while EXAFS give 
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accurate information about the bond length and ligand environment at different S-states. 32 33-35 
EXAFS does not provide sufficient constraints to be able to build a 3-dimensinoal model for the 
OEC structure.  However, EXAFS data is combined with that collected from X-ray diffraction to 
refine the electron density of the cluster and to predict the geometry of the higher S states, which 
are not seen in the X-ray diffraction studies. 36 In addition, EPR and XANES have been used to 
identify the electronic structure of the OEC at different S-states. 37,38 
1.2 Crystallographic data:  
 Protein crystals within an X-ray beam suffer radiation damage during the data collection.  
The sensitivity of the Mn cluster to reduction by X-rays hinders the ability to generate a crystal 
structure for each catalytic state of the Kok cycle. 39 There is as yet no crystal structure for the 
most stable dark state S1, which is made up of 4 Mn3+.  The crystals structures show more 
reduced states of the OEC that contains Mn2+.40,41 However, crystal structure studies have 
revealed that the OEC has a Cuban-like structure formed by a cluster of three manganese ions 
and a calcium ion connected to another dangler manganese through u-oxo-bridge.1,36 In 2001 
Zouni and coworkers resolved the crystal structure of photosystem II from Synechococcus 
elongatus at 3.8Å resolution (PDB ID 2AXT).42 Although the resolution was not enough to 
resolve the electron density of the Mn4O5Ca2+ cluster, they were able to identify the position of 
the Mn centers.42 According to their model three Mn were located at the corner of an isosceles 
triangle with the dangler Mn positioned near the center. However the electron density of Ca and 
bridging oxygens was not resolved. A possible ligand scheme was suggested by the structure 
resolved by Kamiya and coworkers for Cyanobacteria Thermosynechococcus at 3.7 Å resolution. 
That model suggested the Mn cluster is coordinated by the A344. D170, E333, H332, H337, 
E189 or H190 and T73 of the D1-subunit. 
	   8	  
 The cubane-like structure of the Mn4O5Ca2+ structure was proposed by Ferreira et. al., 
based on the electron density of the Cyanobacteria Thermosynechococcus at 3.5 Å resolution, in 
the first PSII X-Ray crystal structure (PDB ID 1S5L).43 D170, E333, H332, E189 and CP43-
E354 were proposed as ligands for the Mn4O4Ca2+ cluster. In addition, the model proposed the 
existence of a bicarbonate group bridging the dangler manganese and the calcium ion. However, 
the resolved crystal structure by Loll and coworkers at 3.0 Å resolution provided a more 
complete picture of the protein ligation to the Mn cluster and this model did not support the 
existence of the bicarbonate. 
 In 2009 Guskov and coworkers resolved the crystal structure of PSII from 
Thermosynechococcus elongates (PDB ID 3BZ1). The model they proposed has no significant 
difference from the model by Loll et. al.36  However they proposed the existence of a chloride 
ion 6.5 Å away from the Mn4O5Ca2+ cluster near the D2-K317. In addition, they assigned 
electron density between the chloride and the Mn4O5Ca2+ cluster to water molecule. 
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Figure 1.5 The 3BZ1 crystal structure of Guskov at 2.9 A resolution44 revealed the following 
coordination for the ligand amino acids: Glu189 monodentate to Mn1, Asp 342 bridges Mn1 and 
Mn2, His332 monodentate to Mn1, Glu333 - bridges Mn3 and Mn4, Ala344 bridges Mn2 and 
Ca, Asp170 bridges Mn4 and Ca and Glu354 bridges Mn2 and Mn3 (figure3). The 2.9 A 
resolution is not enough to resolve the electron density for the bridging oxygen and the ligand 
water. 
 
 The current best structure is from Umena and coworkers at 1.9Å resolution (PDB ID 
3ARC).  This shows the Mn4O5Ca2+ cluster is coordinated by the sidechains of D170, E189, 
H332, E333, D342 and the terminal A344 of the D1 subunit and E354 of the CP43 subunit.1 
Each octahedrally coordinated manganese ion will have six ligands; Each Mn is ligating at least 
one µ-oxo bridge. Although the electron density of the µ-oxo-bridges was only resolved in the 
crystal structure by Umena and coworkers, their existence is well known through the knowledge 
of Mn chemistry of similar model complexes and from another techniques like EXAFS. 29,32,33 In 
addition to the bridging oxygens, the carboxylate groups of the anionic amino acids form a 
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bridging ligands that bidentate two Mn or Mn and calcium ions except for E189, which 
monodentate Mn(1) Figure 5. There are two water molecules coordinated to the dangler Mn and 
two to the calcium. 
 
 
Figure 1.6  The Mn4O5Ca2+ cluster of the OEC and the amino acids and waters that are the first 
coordination shell ligands of the Mn in the structure of Umea (PDB ID 3ARC).20 Mn(IV); 
Magenta spheres: Mn(III). The Mn cluster is coordinated in the protein by D170, D342, E333, 
E189, H332 and the terminal A344 from the D1 subunit and E354 from the CP43 subunit of the 
PSII.1. In addition, to the core complex there are two waters attached to the dangler Mn (Mn(4) 
and two waters to the Ca2+.  
 
 A new promising technique called “diffraction before destruction” uses diffraction by 
free electron laser may overcome the problem of radiation damage and resolved electron density 
for the different catalytic states of the Kok cycle may become possible. 45  
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1.3 EXAFS: 
EXAFS is a highly sensitive technique with elemental specificity46 that has greatly helped to 
define the structure of the OEC.32,47-49 It gives information about the bond distances between the 
central and neighboring atoms, the number of neighboring atoms and the nature of neighboring 
atoms.  It can also follow changes in central atom coordination due as a metal cluster undergoes 
changes in redox or protonation state. This technique has been used to identify the structural 
changes in the OEC in different S-states. In the dark stable S1 state the manganese EXAFS 
spectrum showed a strong backscatter at 2.7Å, which appears to be dominated by Mn---Mn 
scattering.50,51 This supports the postulate the u-oxo bridges connect the manganese ions.  
Another Mn backscatterer is identified at 3.3Å.  The calcium ion may contribute to this peak 
since the substitution of Ca2+ by Sr2+ increases its amplitude.52 Distance of 1.8-2.0 Å between the 
manganese and oxygens or nitrogen has been reported. However EXAFS cannot distinguish 
between the oxygen and nitrogen, moreover EXAFS sums the electron distributions surrounding 
the four manganese ions averaging all type of ligands. 
EXAFS studies in the laboratory of Klein and Sauer, (1987) showed there are no major 
structural changes in the transition from S1 to S2 state,53 while S0 has a significantly different 
EXAFS spectrum, with the 2.7Å peak is shifted to 2.85Å.54 Comparison of S2 and S3 show a 
large difference between in their reactivity toward exogenous reductants as well as changes in 
their EXAFS spectrum.55,56 These findings supports a significant change in the electronic 
structure and nuclear geometry during the S2 to S3 transition.56 The S4 state is an unstable 
intermediate between S3 and S0 and it is not possible to perform EXAFS on this catalytic state. 
Unfortunately the constraints supplied by the EXAFS measures of the OEC structure cannot 
determine a unique structure for the complex. On the other hand different computational models 
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have been proposed that refine the OEC coordinates in the crystal structure based on the EXAFS 
constraints.57-­‐59  
1.4 The EPR and oxidation states of the manganese in the OEC: 
 The OEC has been intensely studied by EPR spectroscopy, as each redox state has 
unpaired electrons. In addition, because EPR allows the study of short-lived paramagnetic 
species with lifetime shorter than 1µs, it is possible to investigate the EPR spectrum for each 
catalytic state of the Kok cycle. 
 The spin of S=1/2 found for S060 is a result of the antiferromagnetic coupling between the 
Mn center for Mn(III,III,III,IV) or Mn(II,IV,III,IV),  S1 has a broad signal indicating the 
existence of an S=0 spin state. The Mn(III,IV)2 state was proposed to explain the S=1/2 spin 
found from EPR signal centered at g=2 in the S2 state. 61 A broad signal obtained at g=6.7 is 
assigned for an S=1 spin state for S3.62 
 The electron distribution on the OEC has also been studied computationally by DFT 
calculations and experimentally by XANES.30,31,63 The summed formal Mn valence should be 
+13 in the S0 state.  This increases by +1 for each oxidation, ending at +17 for S4. EPR and 
XANES studies of the flash-induced S-states by Klein64 assigned the following formal oxidation 
states to the four manganese ions in the OEC in different S-states of S0: (MnII, MnIII, MnIV2) or 
(MnIII3, MnIV2)  S1: (MnIII2, MnIV2), S2 and S3: (MnIII MnIV3).  Here S3 requires oxidation of 
an amino acid rather than the Mn complex. Another proposal by Dau and colleagues based on 
their EPR measurement proposed that the S3 state is MnIV4.65  
1.5 Water splitting mechanism: 
 In 1996 an EXAFS inspired model by Sauer and colleagues suggested that the molecular 
oxygen is formed by two µ-oxo-bridging oxygens,66 which would be deprotonated through the 
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catalytic cycle to fit the short Mn-Mn distance. However, the fast exchange shown in mass 
spectrometry measurements of O18  isotope exchange between added H218O and the evolved O2 is 
inconsistent with O2 being formed from the bridging oxygens.67-­‐70  	  
 The measurements by Hillier and Wydrzynski of the exchange between the solvent water 
and the evolved O2 as a function of the S-state cycle suggest that only one substrate water is 
bound in the early 0S  state while the second is bound in the later states and the two substrate 
waters are bound to different Mn ions.71,72 In addition, Hoganson and coworkers suggested that 
the secondary donor tyrosine Yz participates in the proton uptake from the manganese bound 
waters/hydroxyls in each catalytic intermediate through the Kok cycle.73 However the distance 
between the manganese cluster and the tyrosine is relatively long,74,75 while direct proton 
transfer requires the proton donor and acceptor be within a hydrogen bond distance. Bridging 
waters on the proton pathway could facilitate proton transfer at longer distance. 
Mechanisms involving the formation of O2 through the nucleophilic attack on one of the 
substrate water/hydroxyl groups by the high-valent metal-oxo group in the S4 state are widely 
supported by the EPR measurements and some theoretical based models.38,76 
1.6 The role of Chloride: 
The role of chloride ions in water oxidation is still a matter of debate. As found for 
calcium, the depletion of the chloride ion inhibits the transition from S2 to the S3 catalytic 
state.77-79 In addition chloride regulates the redox potential of the manganese cluster and the 
nearby residues.80 Chloride also participates in the hydrogen bond network together with the side 
chains of the charged amino acids.81  The number of chloride ions participates in the catalytic 
cycle and their binding sites are not certain. X-ray crystallography revealed two possible binding 
sites for the chloride at equal distances from the Mn4O5Ca2+ cluster.22 Site 1 is located close to 
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the D1 subunit and has favorable electrostatic interactions with D2-K317, D1-ASN181 and the 
backbone of D1-GLU333. The chloride in this position is thought to perturb the salt bridge 
between the D1-D61 and the D2-K317, in order to allow the D61 to abstract a proton from the 
OEC bound waters.21 Site 2 is 3.6 A away from the main chain of CP43-Glu-354, 3.2 A to the 
D1-Asn338. In addition, computational studies using quantum mechanics calculations predicted 
another binding site that is much closer to the cluster 3.14Å away from the calcium.82 However, 
this binding site has not been seen in the latest crystal structure.  
1.7 Computational models 
 Thus, many computational studies based on quantum mechanical ab initio and DFT 
calculations were performed in order to understand the mechanism of the catalytic reaction and 
to explain the different experimental data. However, these have not yet been able to elucidate the 
exact mechanism for water splitting catalyzed by the complex.  
 The computational model proposed for the OEC may be divided into two main 
categories; a) models based on the low-resolution structures of Ferreira et. al.,43 and Loll et. al.36 
b) models based on the latest crystal structure at 1.9 Å resolution by Umena et. al.1 
 All computational models established before the new crystal structure needed to  account 
for the bridging oxygens that had not been resolved in the crystal structures.  In addition, the 
coordination shells of the Mn were not completed in the crystal structures.  The simulations 
produced coordinates closer to the new 1.9 Å structure, but each has differences. The simulations 
inserted only four bridging oxygens to connect the 4 Mn and Ca.57  However, the new crystal 
structure shows the existence of a fifth bridging oxygen. In addition, while the new crystal 
structure identified the same amino acids as ligands to the Mn cluster as the structure by Ferreira 
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et. al., and Loll et. al,, the positions of the sidechains were very different,  The DFT models 
based on the Ferreira structure failed to predict the correct ligand positions. 
 The QM/MM model by Bastista et. al. based on the crystal structure by Ferreira 
suggested the coordination of three water molecules to the dangler Mn and two water to 
Mn(2).83,84 In addition, there are two waters and chloride bound to the calcium. It is clear now 
that the prediction that terminal waters were coordinated to the Mn was a result insufficient 
coordination of the ligand sidechains that coordinate the Mn cluster. The Batista group has 
proposed a QM/MM model for S1 state based on the new crystal structure by Umena et. al.1 and 
the model have shown a good agreement with the EXAFS spectrum.2 In these models the 
antiferromagnetic coupling between the Mn centers was considered and a broken symmetry 
wavefunction was used, while all other models	  57-­‐59 were based on high spin excited states. 
 The model by Siegbahn and coworkers has followed a different path for predicting the 
mechanism of the oxygen evolution through the Kok cycle.85,86 Their model was established 
based on the energy diagram of the different S-states rather than relying on the EXAFS 
constraints. In addition, the model by Ames et. al. based on the new crystal structure have 
proposed the existence of a deprotonated terminal water  on the dangler Mn in the S2 state.87  
 On of the main problems of DFT is that the simulation start with pre-assigned protonation 
or oxidation states. Thus, many configuration should be tested and their energies should be 
compared and this methodology is computational expensive. Here we will present a model that 
combine DFT and Monte Carlo sampling to overcome this problem.  The method is first 
described for small inorganic model systems in Chapters 2 and 3.  It is then applied to PSII in 
Chapter 4.   
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 The objective of our study is to build a computational model that elucidates the 
mechanism utilized by the oxygen-evolving complex to split the water into O2, protons and 
electrons. This to be achieved by studying and understanding the role of the manganese ions, 
chloride and calcium cofactors, the substrate waters and the surrounding amino acids in the 1.9Å 
structure of PSII. Our specific objectives are: 
- Use Monte Carlo sampling to generate the Boltzmann distribution for the oxidation states, the 
protonation states of the amino acids, waters and µ-oxo-bridges to help to understand the 
chemistry of the system. 
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2.1 Introduction 
Like many other biological systems, the OEC uses a PCET (Proton Coupled Electron 
Transfer) mechanism for transferring the charges through the course of Kok cycle.24 In each 
photo-induced turnover the redox active tyrosine Yz reduces the oxidized, chlorophyll P680 
primary donor and is in turn re-reduced by the OEC.  As this happens 4 times in the Kok cycle a 
positive charge would accumulate on the Mn4O5Ca2+ cluster.  However, each higher oxidation 
state of the cluster lowers the pKa’s of the bridging oxygens and the waters bound to the OEC. 
 The increase in positive OEC metal center charge also lowers the pKa of the substrate waters and 
of surrounding acidic and basic amino acids.  If the pKa is above the pH in the reduced state and 
below the pH in the oxidized state a proton will be lost to reduce the accumulated positive 
charges in and around the OEC.  The proton release pattern from the protein into the lumen 
moving around the Kok cycle starting with S1 is 1,0,1,2.88 Although there is no proton release to 
the lumen in the S2-S3 transition, there is evidence that involves the OEC releasing a proton26 as 
manganese is oxidized65 but it is unclear where the proton goes.  
There is experimental evidence supporting the postulate that the redox-active tyrosine Yz 
works as an electron and proton sink, to oxidize the Mn4O5Ca2+ cluster and aide in the 
abstraction of protons from the Mn-bound waters.89-92 While a pKa for a tyrosine is ≈9, it is <0 
for an oxidized tyrosine.93  When it is oxidized the Yz proton is likely delivered to His 190. This 
shows that the protonation states of the protein as well as the substrate waters will change 
through the Kok cycle.   
 









































































       
 














Figure 2.1 Model Mn complexes. (1) Octahedral aqua Mn; (2) Mn porphyrin; (3) [Mn2 (µ-
O)2(terpy)2 (H2O)2];  (4) [Mn3 (µ-O)4(phen)4(H2O)2]4+ ; (5) [Mn2 (µ-O)2(bpy)4]; (6) [Mn2 (µ-
O)2(salpn)2 (H2O)2]. R=Cl, X=H, Cl or NO2. 
 
 In PSII the OEC is oxidized to fill the hole in P680 as it transfer an electron to 
plastoquinone following excitation by light.94 OEC oxidation is coupled to loss of protons from 
PSII.  Mn oxidation in the Mn4O5Ca2+ cluster of PSII is responsible for lowering the pKas of the 
bridging oxygens, terminal waters and amino acids bound to the Mn ions.95  The question is to 
determine the source of these protons.  It can be from the bridging oxygens in the cluster core, 
from the terminal waters or ligating amino acids or from amino acids surrounding the cluster.   
Oxidation lowers the pKas of all the Mn ligands, but this does not necessarily lead to 
proton loss. The metal oxidation will catalyze a proton loss reaction only if the pKa of the ligands 
shift from a value higher than the physiological pH to a pKa lower than this value as the cluster is 
oxidized. For example, the D1-D170 of PSII is expected to have a pKa lower than the solution 
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value (4.5) as a result of being a bidentate ligand to the dangler Mn and the calcium ion. 
Therefore, the pKa of this Asp is always less than the physiological pH independent of the 
oxidation state of the Mn and it is not expected to donate a proton through the catalytic Kok 
cycle.24 
The bridging oxygens and the terminal waters are good candidates for initiating a proton 
transfer reaction that is coupled to Mn oxidation as they are expected to have large changes in 
pKa with the oxidation of the Mn. Given the difficulties of measuring the pKa of the terminal 
waters and µ-oxo-bridges in biological systems, different model complexes have been developed 
to understand the proton coupled electron transfer reaction catalyzed by metal 
oxidation/reduction (Figure 2.1).96-105 The cyclic voltammetry study by Thorp and coworkers 
have showed that the pKa of the bridging oxygen is shifted from 2.3 to 11.0 as a result of 
reducing the mixed valence state Mn(III,IV) to Mn(III,III) in the  
[(bpy)2Mn(0),Mn(bpy)2](C104)3 (bpy = 2,2’-bipyridyl)dimer (Fig. 2.1).99 A similar shift has 
been measured for reducing the high valence state Mn(IV,IV) of a series of [MnIV(X-salpn)(µ-
O)] (salpn 2) N,N ′-bis(salicylidene)-1,3-propanediamine, X=electron accepting or donating 
groups) complexes to the mixed valence state Mn(III,IV) in acetonitrile.106,107 Caudle and 
Pecoraro have shown that the terminal waters produce a pKa shift of ~ 9 pH units upon Mn 
reduction for the water bound to the Mn in the Mn2L20,+ (L)2-hydroxy-1,3-bis(3,5-X -
salicylideneamino)propane, X ) Cl, H, di- 2tertbutyl).108 In contrast, the pKa of the axial water 
ligands in the Mn porphyrin mononuclear non-µoxo dimer forming shift by less than 3 pH units 
upon Mn reduction.109 Thus, in order to build a model that explains the PCET reaction in the 
OEC, we need to understand the effect of Mn oxidation/reduction on the proton affinities of the 
bridging oxygens and the terminal waters as well. 
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2.2 The effect of Mn oxidation on the proton affinity of the bridging oxygens. 
The Mn4O5Ca2+ cluster of the oxygen-evolving complex contains five bridging oxygens 
connecting the Mn ions and the Ca2+. In addition to coordinating the metal ions in the cluster, 
these µ-oxo may form the substrate atoms of the O2 molecule released at the end of the catalytic 
cycle. In order to understand the role that the bridging oxygen plays in the photo-induced 
reaction, the isotopic exchange between the water and µ-oxo bridges has been investigated for 
different complexes built as models for the OEC. The proposed exchange mechanism by Brudvig 
and co-workers includes a proton transfer from the terminal water on Mn(IV) in the mixed 
valence complex Mn(III,IV) to a µ-oxo bridge as a first step.110 Thus, understanding the coupling 
between the pKa of the µ-oxo and the oxidation states of the metals is essential to explain the 
reaction. For example, if the pKa of the µ-oxo in the Mn(IV,IV) state is very low compared to the 
terminal waters, no proton transfer would be expected from the water to the µ-oxo. The pKas of 
the bridging oxygens have been investigated for different complexes at different oxidation states 
in different solvents. In 1976, Cooper and Calvin measured the pKa of the µ-oxo-bridge of the 
[Mn2(µ-O)2bpy4] complex in the mixed valence Mn(III,IV) using the solution magnetic 
susceptibility and near IR spectroscopy.111 The measured pKa of 2.3 was assigned to the 
deprotonation of the second µ-oxo. However, Thorp and Coworkers used this value to establish 
the Pourbaix diagram of the same complex and estimated the pKa in the Mn(III,III) state of 11.0 
given that the reduction potential of the [Mn(III,IV)(µ-O)2(bpy)4]3+ and [Mn(III,IV)(µ-O)(µ-
OH)(bpy)4]4+ has been measured to be 0.31 and 0.86 vs. Ag/Agcl in Acetonitrile.99  Thus, the µ-
oxo experiences a pKa shift of ~9 pH units when one Mn center in the di-Mn(III,III) bpy 
complex is oxidized to the high valence Mn(IV) state. This makes it likely that the loss of an 
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electron will be strongly coupled to proton loss from the oxygen bridge.  The question arises if 
the same behavior of the PCET reaction is expected for Mn complexes with different organic 
ligands and if the behavior is dependent on the initial redox state of the Mn dimer.  Thus, if the 
pKa shift would be the same for Mn(IV,IV) to Mn(III,IV) or Mn(III,IV) to Mn(III,III) transitions.  
A series of [Mn2(µ-O)2(X-salpn)] (X=H, 3,5-di(Cl), 3,5-di(NO2), 5-(OCH3), 5-(Cl) or 5-(NO2)) 
with negatively charges organic ligands have been investigated by Pecoraro and coworkers in the 
hope of mimicking the ligand environment around the Mn cluster of the OEC.112 (Table 1) shows 
the pKa reported for different complexes at different redox states. 
Table 2.1 The measured pKa of the µ-oxo and terminal waters in di-Mn complexes. 
The pKa of the µ-oxo-bridges 
 Mn(III,III) Mn(III,IV) Mn(IV,IV) 
bpya 11 2.3 - 
H-salpnb - 24.5 13.4 
3,5-di(Cl)- salpnb - 20.0 10.8 
3,5-di(NO2)- salpnb - 13.3 5.0 
5-(OCH3)- salpnb - - 14.1 
5-(Cl)- salpnb - - 11.5 
5-(NO2)- salpnb - - 6.8 
The pKa of the terminal waters 
terpy - 4< 1.8 
L(3,5-Cl)c - 10 <0 
L(3,5-H)c 19 11 <0 
L(3,5-t-Bu)c 20 10 <0 
(bpy = 2,2'-bipyridyl)	   99, (salpn= N,N′-bis(salicylidene)-1,3-propanediamine)	   106, 
(terpy = 2,2’:6’,2’’-terpyridine), (L = 2-hy-droxy-1,3-bis(3,5-X -
salicylideneamino)propane),( X = Cl, H, di- 2tert-butyl)	   108, The pKa of the µ-oxo 
decreases by adding electron withdrawing groups. – indicates data not determined. a: 
measured in water; b: measured in ACN; c: measured in a mixture of water and ACN. 
 
 There are two main reasons for the high pKa of the µ-oxo reported in the salpn complexes 
relative to the bpy complexes (Table 2.1); 1) Each salpn ligand carry -2 charges, while the bpy 
ligands are neutral.  Thus, in the same redox state the salpn complexes will have a net charge of 
4 units lower than the bpy complex. The effect of the negative charges on the Mn can be 
modulated by adding electrons withdrawing or donating groups to the carbon rings as shown in 
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Table 2.1. For example, the H-salpn and the 3,5-di(NO2) complexes have the same total charges 
but there is more than 10 pH units difference between the pKa of the µ-oxo in the two 
complexes. Adding electron-withdrawing groups diminishes the amount of the negative partial 
charge on the atom ligating the Mn and re-maps the electrostatic potential of the ligands.113 2) 
The Mn-bpy complex pKas were measured in water while the Salpn were determined in organic 
solvents (MeCN and CH2CL2).  Waters stabilize the more highly charged states more than the 
organic solvents will.   Kristjfinsdottir and Norton have suggested that the pKa in water is 7.5±1 
pH units lower than acetonitrile and our recent computational studies estimated the difference of 
6.7 ±0.9 pKa units (see chapter 3).114 Thus, the pKa of the µ-oxo of the mixed valence 
Mn(III,IV)-bpy complex is more than 10 pH units lower than the Mn(III,IV)-H-salpn as a result 
of replacing the neutral ligands with negatively charged ligands and carrying out the 
measurement in water rather than ACN.  
The pKa shift found moving from Mn(III,III) to Mn(III,IV) has been determined for 3 
compounds to be 8.9±1.0 (Table 2.1).  The shift to further oxidize to Mn(IV,IV) of 9.5±1.4, also 
represents the results for measurements on 3 compounds.  Thus, the pKa shift for a given 
complex on oxidation is not very dependent on the ligands or the solvent or the redox couple 
measured. 
 The correlation between the Mn(IV) midpoint potential and µ-oxo pKas has been studied 
for the [Mn2(µ-O)2(X-salpn)]  (X=H, 3,5-di(Cl), 5-(Cl), 5-(OCH3) and 5-(NO2)). As will be 
described in Chapter 3 the underlying changes in protonation and oxidation states represent 
independent, uncoupled, processes.  The best-fit line has a slope of 84 mV/pKa.107  In Figure 2.1 
all the X-salpn complex are added to the graph as well as the Mn-bpy complex. The pKa of 
[Mn(IV)2(µ-O)(µ-OH)(bpy)4] is obtained by theoretical calculations performed here. Thus, the 
	   24	  
core [Mn2(µ-O)2] chemistry determines the thermodynamics of the coupling between the redox 
and protonation chemistry in these complexes.  Changing the organic ligands adds an offset to 
the redox potential and the pKa. The pKa shift resulting from Mn oxidation/reduction or the ∆Em 
resulting from protonating/deprotonating µ-oxo bridge is thus independent on the ligands and 
solvent used in the measurements. 
 
Figure 2.2 The correlation between the midpoint potential of the Mn(IV) and pKa of the µ-oxo-
bridges. The best-fit line has a slope of 85.1 mV/pKa and R2 of 1. The pKa of [Mn(IV)2(µ-O)(µ-
OH)(bpy)4] is obtained based on theoretical calculations.113   
 
Conclusions: The pKas µ-oxo-bridges in the high valent di-Mn complexes shift by more than 8 
pH units upon Mn oxidation/reduction independent on the nature of the organic ligands of the 
Mn or the solvent.  Applying the lessons from the Mn clusters to the Mn4O5Ca2+ of PSII, we 
conclude that the µ-oxo-bridges are good candidates for losing a proton through the S0 to S1 
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transition. The Mn oxidation states in the S0 state are [III,III,III,IV].  Here at least one Mn pair 
can be considered as a Mn(III,III) dimer state.  Given the pKas of in the di-Mn bpy model 
complexes, one bridging oxygen is expected to have a pKa higher than the physiological pH in 
S0. The oxidation of one Mn center in S1 will shift the pKa of the µ-oxo by 9 pH units, which 
would lead to loss of this proton.   
2.3 The effect of Mn oxidation on the pKas of terminal waters. 
  Although there are four terminal waters bound to the Mn4O5Ca2+ (two bound to the 
dangler Mn and two to the Ca2+ ion) according to the 1.9Å crystal structure1, there are only two 




4H + + 4e$ +O2 (1)  
 Mechanisms involving the formation of   O2 through the nucleophilic attack between one 
of the substrate water/hydroxyl groups and the high-valent metal-oxo group at the latest state are 
widely supported by the EPR measurements and some theoretical based models.38,115-117  
 The PCET reaction of the [Mn2(µ-O)2(H2O)(terpy)2] complex has been investigated by 
Brudvig  and coworkers by comparing its Eh/pH plot with the corresponding plot from the 
[Mn2(µ-O)2(bpy)4] complex.100 Since the Mn-bpy complex shows a pH independent behavior 
and the Mn-terpy shows a pH dependent line with a slope of 64mV/pH, they proposed that the 
terminal water is the source for proton loss through the titration. The terminal water is assigned a 
pKa of 1.8 in the Mn(IV,IV) state and a pKa > 4 in the Mn(III,IV). This pKa is lower than the pKa 
of 4.0 for the terminal water in the tri-Mn complex [Mn(IV,IV,IV)(µ-O)4(phen)4(H2O)2]4+ 
complex measured by Das and Mukhopadhyay.118 These are the only measurements available for 
the pKa of terminal water in aqueous solution for this family of high valent oxomanganese 
complexes. A computational study by Batista and co-workers based on DFT simulation has 
	   26	  
predicted that the pKa of the terminal waters in the Mn-terpy dimer shifts by 13 pH units (from 1 
to 14) as a result of oxidizing the Mn(III,IV) core to Mn(IV,IV).119 This is an even large shift on 
Mn oxidation that found experimentally for the µ-oxo protons (Table 2.1) 
 Caudle and Pecoraro have studied the proton coupled Mn oxidation of the terminal water 
in the alkoxide-bridged dimer Mn2L20,+(L=2-hydroxy-1,3-bis(3,5-X-salicylideneamino)propane, 
X=Cl, H, di-2tert-butyl) in 16M water/CH3CN.120 The reported pKa for these complexes and the 
pKa shift on Mn oxidation is shown in Table 2.2. The pK  shifts by 8 and 10 pH units 
respectively  for 3,5-H and 3,5-t-Bu complexes when the Mn is oxidized from Mn(III,III) to 
Mn(III,IV). The terminal water pKa for all three complexes in the Mn(IV,IV) state is less than 
zero.  
The terminal water pKa for the alkoxide-bridged dimers are significantly lower than the 
pKas in the Mn(IV,IV)-terpy and  Mn(IV,IV,IV)-phen complexes, although the total charge is 
more negative and the measurements were performed in 16M water/CH3CN. The possible reason 
for these low pKas is that in Mn-terpy and phen complexes the µ-oxo is double-bonded to the Mn 
so it can serve as an electron reservoir.  Electron transfer from the Mn to the µ-oxo diminishes 
the effect of Mn oxidation on the terminal waters.  In contrast, in the alkoxide-bridged dimer the 
Mn is connected by a single bond to the oxygen of the alkoxide group and so is more isolated. 
Conclusions: The terminal waters bound to the Mn show also a large pKa shift when the Mn 
changes its oxidation state. However, the pKas of the terminal waters are higher than those of the 
µ-oxo specially in the high valent Mn(IV,IV) state. In addition, table 2.2 shows the effect of 
deprotonation of the terminal water or the bridging oxygens on the Mn Ems. Thus, the water is 
expected to loose protons at the higher catalytic states in the Kok cycle while the µ-oxo is 
expected to loose the proton in the early states. 
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Table 2.2. The measured Em of the Mn in di-Mn complexes at different protonation 
states of the µ-oxo and terminal waters. 
 (µ-O)2 (µ-O)(µ-OH) 
Bpy Mn(III,IV) to Mn(III,III)  0.52 1.1 
Bpy Mn(IV,IV) to Mn(III,IV) 1.51 - 
H-salpn Mn(IV,IV) to Mn(III,IV) -0.26 0.42 
3,5-di(Cl)- salpn Mn(IV,IV) to 
Mn(III,IV) 
0 0.64 
3,5-di(NO2)- salpn Mn(IV,IV) to 
Mn(III,IV) 
0.52 1.1 
5-(OCH3)- salpn Mn(IV,IV) to 
Mn(III,IV) 
-0.34 - 
5-(Cl)- salpn Mn(IV,IV) to Mn(III,IV) -0.09 - 
5-(NO2)- salpn Mn(IV,IV) to 
Mn(III,IV) 
0.27 - 
 H2O OH- 
L(3,5-Cl) Mn(IV,IV) to Mn(III,IV) >1.6 0.69 
L(3,5-Cl) Mn(III,IV) to Mn(III,III) 0.74 - 
L(3,5-H) Mn(IV,IV) to Mn(III,IV) >1.4 0.69 
L(3,5-H) Mn(III,IV) to Mn(III,III) 0.54 0.11 
L(3,5-t-Bu) Mn(IV,IV) to Mn(III,IV) >1.3 0.58 
L(3,5-t-Bu) Mn(III,IV) to Mn(III,III) 0.42 -0.14 
(bpy = 2,2'-bipyridyl)	   99, (salpn= N,N′-bis(salicylidene)-1,3-propanediamine)	   106, 
(terpy = 2,2’:6’,2’’-terpyridine)	   100, (L = 2-hy-droxy-1,3-bis(3,5-X -
salicylideneamino)propane),( X = Cl, H, di- 2tert-butyl).108 All measurements are in 
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Chapter 3 
Electrostatic Effects on Proton-Coupled Electron Transfer 
in Oxomanganese Complexes Inspired by the Oxygen-
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3.1 Abstract: The influence of electrostatic interactions on the free energy of proton-coupled-
electron-transfer (PCET) in biomimetic oxomanganese complexes inspired by the oxygen-
evolving complex (OEC) of photosystem II (PSII), are investigated. The reported study 
introduces an enhanced Multi-Conformer Continuum Electrostatics (MCCE) model, 
parameterized at the density functional theory (DFT) level with a classical valence model for the 
oxomanganese core. The calculated pKas and oxidation midpoint potentials (Ems) match 
experimental values for eight complexes indicating that purely electrostatic contributions account 
for most of the observed couplings between deprotonation and oxidation state transitions. We 
focus on pKas of terminal water ligands in [Mn(II/III)(H2O)6]2+/3+ (1), [Mn(III)(P)(H2O)2]3- (2, P 
= 5,10,15,20- tetrakis (2,6-dichloro-3-sulfonatophenyl) porphyrinato), [Mn(IV,IV)2(µ-
O)2(terpy)2(H2O)2]4+ (3, terpy = 2,2’:6’,2’’-terpyridine) and [Mn3(IV,IV,IV)(µ-
O)4(phen)4(H2O)2]4+ (4, phen = 1,10-phenanthroline) and the pKas of µ-oxo bridges and Mn Ems 
in [Mn2(µ-O)2(bpy)4]2+ (5, bpy = 2,2'-bipyridyl), [Mn2(µ-O)2(salpn)2] (6, salpn= N,N′-
bis(salicylidene)-1,3-propanediamine), [Mn2(µ-O)2(3,5-di(Cl)-salpn)2] (7) and [Mn2(µ-O)2(3,5-
di(NO2)-salpn)2] (8) which are most relevant to PCET mechanisms. The analysis of complexes 
6-8 highlights the strong coupling between electron and proton transfers, with any Mn oxidation 
lowering the pKa of an oxo bridge by 10.5±0.9 pH units. The model also accounts for changes in 
the Ems due to ligand substituents, such as those in complexes 6-8, due to the electron 
withdrawing Cl (7) and NO2 (8). The reported study provides the foundation for analysis of 
electrostatic effects in other oxomanganese complexes and metalloenzymes, where PCET plays a 
fundamental role in redox-leveling mechanisms. 
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3.2 Introduction 
Multi-nuclear metal ion clusters play important catalytic roles in a wide range of 
chemical and biological systems.121 These clusters usually contain both protonatable and redox-
active sites. They can carry out electroneutral oxidation state transitions by coupling electron and 
proton transfer reactions. The underlying redox leveling mechanism can greatly diminish the free 
energy needed to make reactive high valence redox states that are essential for multi-electron 
reactions.122-132 In general, understanding the electrochemistry of these metal centers and the 
coupling mechanism that tunes the cluster chemistry is challenging. The thermodynamics of 
oxidation and deprotonation steps can be regulated by the core geometry and protonation states 
as well as by the charge distribution and protonation states of the ligands. Here, we focus on the 
analysis of the Ems and pKas of a group of oxomanganese complexes inspired by the Mn4O5Ca 
cluster of the oxygen-evolving complex (OEC) of photosystem ΙΙ (PSII).133 
Many open questions about the OEC are common to both isolated and protein-embedded 
redox-active metal ion clusters.134-136 These include: what is the nature of oxidation state 
transitions, and how does it change as a function of pH; which acid-base/redox transitions are 
due to the inorganic core, and which ones are due to the influence of the ligands or the 
surroundings; what are the pKas of oxo-bridges and terminal waters relative to each other, and 
how do they contribute to the deprotonation mechanism as a cluster is oxidized? A full, rigorous 
description of these processes is challenging and requires high level quantum mechanical 
treatments due to the importance of spin transitions, charge delocalization, Jahn-Teller distortion 
effects, and charge transfer interactions between Mn and the µ-O bridges. While several density 
functional theory (DFT) studies of oxomanganese clusters have been reported,2,58,82,83,85,87,119,137-
149 higher-level analyses including more accurate descriptions of the multi-reference character of 
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the electronic structures have yet to be reported.150,151 Such treatments, however, remain rather 
difficult and time-consuming, even for single clusters with well-defined redox and protonation 
states. Multi-metal center clusters, like the OEC, also present the challenge of evaluating a large 
number of possible states. For example, the OEC has four high-valent Mn centers in oxidation 
states III or IV, and five oxide bridges that can be either µ-hydroxo or µ-oxo, defining a total of 
512 possible microstates. Furthermore, thousands of possible states need to be considered when 
including the possibility that some of the four terminal waters can also deprotonate. While the 
complexes analyzed in this paper are simpler than the OEC of PSII, they also involve a fairly 
large number of microstates. As an example, the di-oxo-manganese complex 5 (Fig. 3.1) has 
sixteen possible formal charge configurations, including two states for each Mn (+3 or +4 
charge), two for each oxide bridge (O-2 or OH–) and one for the ligands. In addition, for clusters 
with terminal waters (1-4), each possible deprotonation of a terminal water into hydroxo doubles 
the number of configurations. Therefore, the analysis of these complex clusters requires methods 
that can efficiently account for all oxidation and protonation states, to understand how different 
configurations contribute to the redox properties that regulate the thermodynamics of the 
reaction. 
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Figure 3.1. Model Mn complexes. (1) hexa-aqua Mn(II and III); (2) Mn(III) [5,10,15,20- tetrakis 
(2,6-dichloro-3-sulfonatophenyl) porphyrinato]3-; (3) [Mn(IV,IV)2(µ-O)2(terpy)2(H2O)2]4+ (terpy 
= 2,2’:6’,2’’-terpyridine); (4) [Mn(IV,IV,IV)3(µ-O)4(phen)4(H2O)2]4+ (phen = 1,10-
phenanthroline); (5) [Mn(III,III, III,IV, and IV,IV)2(µ-O)2(bpy)4]2+ (bpy = 2,2'-bipyridyl); (6-8) 
[Mn(III,IV and IV,IV)2(µ-O)2(3,5-di(R)-salpn)2], R=H (6), Cl (7) or NO2 (8) (salpn = N,N′-
bis(salicylidene)-1,3-propane-diamine). Each porphyrinato and salpn unit has a charge of -2. The 
other ligands are neutral. 
 
Continuum electrostatic (CE) analysis, coupled to Monte Carlo methods as in the 
program Multi-Conformer Continuum Electrostatics (MCCE),152 makes it possible to sample a 
large number of microstates, to determine how redox midpoint potentials (Ems) and pKas are 
modified by the surrounding environment.152-154 However, these methods have been generally 
used to analyze non-bonded interactions.   Here, we apply an enhanced MCCE method, 
parameterized at the DFT level, with a novel classical valence model for the oxomanganse core 
to study the electrostatic influence of ligands on proton-coupled oxidation reactions in 
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oxomanganese complexes. The goal is to model the changes in interactions on redox and 
protonation changes between metals and the atoms in their first coordination sphere with a 
properly parameterized continuum electrostatic analysis. We focus on the pKas of terminal 
waters in four complexes (hexa-aqua Mn, Mn porphyrin, di-Mn terpy complex, and tri-Mn phen 
complex) in oxidation states II–IV (Figure 3.1: 1-4). In addition, we study the pKas of the 
bridging oxygens in four di-oxo–manganese model complexes (Figure 3.1: 5-8) and how the Mn 
redox state and ligand substitutions affect them. The reported analysis provides fundamental 
insight into how changes in electrostatic interactions due to oxidation and protonation of the 
metal core or surrounding ligands affect the redox and protonation thermodynamics of 
oxomanganese cores inspired by the OEC of PSII. 
3.3 Methods 
Enhanced MCCE electrostatic model Complexes 1-8 are modeled by treating each Mn 
ion, oxide bridge, terminal water, and each asymmetric unit of the organic ligand in a cluster as 
an individual, gedanken fragment with integer charges. These fragments interact with each other 
only via electrostatic and Lennard-Jones potentials. Microstates of the complexes are defined 
according to the oxidation states of the Mn fragments and the protonation states of the oxide 
bridges and/or terminal water ligands. The Boltzmann distribution of microstates is obtained by 
Monte Carlo (MC) sampling, as a function of the solution electron and proton chemical potential 
(i.e., Eh and pH), using the MCCE program.152 These systems are small enough that all 
microstates could be enumerated to carry out full statistical mechanical calculations. However, 
the MC sampling is used in preparation for incorporating this valence analysis of metal clusters 
into proteins. The free energy of a microstate x, ∆Gx, is computed relative to the free energy of 
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the separated fragments in a reference dielectric medium (e.g., water or acetonitrile (ACN)). ∆Gx 
is:152,155  









where M is the total number of states of all fragments; !x,i  is 1 if fragment-state i is present in the 
microstate and 0 otherwise; mi is 1 (0) for the protonated (deprotonated) form of a bridging or 
terminal oxygen i; 
! 
kbT  is 25.37 meV at 298 K, the default temperature; ni is the number of 
electrons gained, using the most oxidized state as the reference state (1 for Mn(III) and 0 for 
Mn(IV) here); and F is the Faraday constant. The pKa,sol,i and Em,sol,i is the reference pKa and Em 
for the primitive fragment, i, in the reference solvent dielectric medium. Thus, the first and 
second terms in Eq. 1 establish the reference free energy changes of the isolated fragment due to 
protonation at the solution pH and/or reduction at the solution Eh (relative to the normal 
hydrogen electrode (NHE)).156 The last two terms establish the changes in energy as the 
fragments are assembled into the cluster.  Continuum electrostatic (CE) interactions are 
computed with the Poisson-Boltzmann solver Delphi157 given input atomic positions, radii and 
charges (see appendix B S1). ∆∆Gsolv is the loss of the CE solvation (reaction field) energy 
experienced by a fragment as it is moved from water or ACN into the cluster in that solvent. ∆Gij 
is the pairwise electrostatic and Lennard-Jones interactions between fragments i and j present in 
the cluster microstate x. (Additional information about parameters required for the DelPhi CE 
analysis can be found in Appendix B S1 and S6.) 
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Structural Models: Where possible, initial coordinates of complexes 1-8 are defined 
according to available crystal structures from the Cambridge Crystallographic Data Center 
(CCDC). Crystallographic solvent molecules and counter ions are removed. Reference codes 
SAWYEU,158 FIQFIU159 and SOZMUP160 are used for 3, 5, and 6, respectively. Structures are 
optimized at the DFT/B3LYP level of theory, using the LANL2DZ pseudopotential161 for Mn 
and the 6-31G* basis set	  162 for all other atoms, as implemented in GAMESS163, JAGUAR164 or 
Gaussian09.165 In these initial structures, all terminal waters are neutral, bridging oxides 
deprotonated, and Mn ions are set to the oxidation states Mn(III) or Mn(IV), using broken 
symmetry wavefunctions166 for di-Mn complexes, as reported in previous work.82 (See Appendix 
B S2 for further details.) The Ems and pKas derived using the Mn(III,IV) optimized geometries 
are used as the basis for the primary analysis. Values obtained with Mn(IV,IV) optimized 
structures are used to show how the outcome depends on the structure. 
Atomic partial charges In this model, formal, integer charges are used for each fragment 
and atomic positions are fixed. Mn atoms have a charge of +2, +3 or +4. 
Each bridging oxygen has a formal charge of -2 in the deprotonated state. However, when 
protonated, a µ-hydroxo does not have the same charge distribution as a free OH– due to 
interactions with the adjacent metal atoms. To account for this effect, atomic charges are 
adjusted to empirically reproduce the experimental pKa shift of 8.7 pH units in the [Mn2(bpy)4(µ-
O)(µ-OH)]3+/4+ complex between the Mn(III,III) and Mn(III,IV) states.99 Using the DFT 
optimized Mn(IV,IV) structure, this ∆pKa is recovered with a charge of -1.7 on oxygen and +0.7 
on hydrogen (See Appendix B S3). This charge distribution is used for all µ-hydroxo ligands 
regardless of solvent or microstate and is found to perform satisfactorily in all complexes. 
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Terminal waters have standard TIPS167 partial charges, with a charge of -0.8 on the 
oxygen and +0.4 on each hydrogen. The terminal hydroxo has a net charge of -1 with charges of 
-1.2 on oxygen and +0.2 on hydrogen obtained by fitting the electrostatic potential of isolated 
OH– in water in a DFT calculation (B3LYP/6-31G*) with the PCM solvation model for bulk 
water in Gaussian09.165 
A crucial element of the method is the use of quantum chemistry calculations to 
parameterize the atomic charge distribution of the organic ligands for subsequent classical 
electrostatic calculations. The atomic charges for all ligands except the terminal waters are fit to 
DFT-derived ElectroStatic Potentials (ESP), subject to the constraint that the constituent 
fragments have integer total charges, as defined by their formal oxidation/protonation numbers. 
Ligand partial charges and atomic positions are held fixed in the MC sampling of cluster redox 
or protonation state. The charges are reported in appendix B Table S6 for each cluster. 
To assign ligand charges, two rounds of DFT calculations are performed with 
B3LYP/LANL2DZ, 6-31G	   168-­‐170,171 First, ESP charges are obtained for the entire geometry-
optimized cluster with all Mn in the Mn(IV) state. Then, ESP charges for an isolated ligand 
molecule with the appropriate net charge are determined with atom positions held fixed. The 
coordinated Mn is represented by a frozen fractional ESP charge, as determined in the entire 
complex, at the position found in the geometry-optimized full complex. The ligands 
parameterized are the porphyrin (2), terpy (3), phen (4), bpy (5), or salpn units (6-8). Each 
asymmetric ligand is given the same charge distribution; however, incorporating more than one 
ligand molecule in the fragment unit for charge determination does not change the outcome. The 
effect of charge transfer from the Mn into the ligand is included only implicitly through the 
distribution of ESP atomic charges within each fragment. 
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Reference values of Em,sol and pKa,sol The reference values of midpoint potentials (Ems) 
and pKas for the gedanken constituent fragments in solution, Em,sol and pKa,sol, are obtained 
according to the thermodynamic cycles for Mn and OH-bridges shown in Figure 3.2 (panels A 
and C, respectively). Em,sol and pKa,sol are  constants that allow the calculated values to be 
compared to the reference NHE and solution pH. They do not affect the slope of a line 
comparing the experimental and calculated values in a given solvent, only the intercept. The 
experimental values Emexpt and pKaexpt for one complex are used to derive the reference for all 
clusters. The Em,sol and pKa,sol are then used to calculate Ems and pKas in other clusters by 
computing the free energy of a microstate, according to Eq. (1). 
 
Figure 3.2 Thermodynamic cycles used to calculate the reference values of Em,sol (A) and pKa,sol 
(C) for the constituent fragments Mn and hydroxo bridge, using the experimental values Emexpt 
and pKaexpt for one cluster. The free energy differences in the cluster and isolated in solution, 
∆Gred, ∆Gox, ∆GOH- and ∆GO2- for the gedanken fragments Mn(III), Mn(IV), OH–, and O-2 are 
obtained by removing the interactions between the fragments as they are moved into solution. 
The derived Em,sol and pKa,sol are then used to calculate Mn Ems (B) and bridging OH pKas (D) in 
other clusters. 
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The well-studied mixed-valence bpy complex 5 is used as the reference for the Em,sol in 
ACN. The measured reduction potential for [Mn(IV,IV)(µ-O)2(bpy)4]4+ of 1.51 V vs. NHE in 
ACN111 is used as Em,expt (See Figure 3.2A), giving a derived Em,ACN of 1.35 V for reduction of 
the isolated gedanken Mn. This Em,ACN is used to calculate the midpoint potential of all the di-
Mn complexes, independent of the initial redox state or µ-oxo protonation pattern. 
The reference pKa,H2O of a terminal water is taken to be 15.7 (see Appendix B S4). 
However, the pKas of terminal water ligands in the Mn complexes are shifted due to electrostatic 
interactions within the cluster. The pKa,sol for the loss of the proton from a hydroxo that 
represents the µ-oxo bridge is coupled to the calculation of the µ-OH- charges. (see Appendix B 
S3). 
While water is the preferred solvent for benchmark values of clusters in proteins,156 most 
reported values for µ-OH deprotonation in di-Mn clusters are measured in ACN. Here, one 
experimental value in each solvent is used to set the reference pKa,sol. For water, the second 
deprotonation in the Mn(III,IV) state of complex 537 is used to determine a pKa,H2O of 29.8 using 
the Mn(III,IV) optimized structure. The pKa,ACN is calculated to be 45.0 using a measured value 
for the first deprotonation of 6 in the Mn(IV,IV) state as a reference.112 The derived pKa,sol for 
deprotonation of OH– in water and ACN differs by 15.2 units. 
3.4 Results and discussion 
Benchmark calculations of the pKas of terminal water ligands. Table 3.1 reports the pKa 
for deprotonation of terminal waters in complexes 1-4 (Table 3.1) (for calculations of different 
aqua-metal complexes see appendix A), as obtained with the enhanced MCCE methodology 
described in the previous section. The comparison of calculated and experimental values shows a 
root mean square deviation (RMSD) of 1.06 pH units (Appendix B S4) showing pKa shifts of up 
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to 15 pH units when a water moves from bulk solvent to become a Mn ligand. These calculations 
provide a stringent test of the MCCE methodology, as they are implemented with standard TIPS 
water atomic partial charges and the well established pKa,sol value for bulk water of 15.7. 
 
Table 3.1. Calculated and experimental pKas of terminal waters 
	   	   pKaM	   pKaC	   Error	  
[MnII(H2O)6]2+	   1	   10.6	  172	   10.3	   	  -­‐0.3	  
[MnIII(H2O)6]3+	   1	   	  	  0.7	  172	   	  	  2.7	   +2.0	  
[MnIIIporphyrin(H2O)2]3-­‐	   2	   	  	  4.4	  109	   	  	  4.9	   +0.5	  
[Mn2IV(µ-­‐O)2(terpy)2(H2O)2]4+	   3	   	  	  1.8	  100	   	  	  0.9	   	  -­‐0.9	  
[Mn3IV(µ-­‐O)4(phen)4(H2O)2]4+	   4	   	  	  4.0	  118	   	  	  4.7	   +0.7	  
Numbers 1-4 refer to Fig. 3.1. pKa for first deprotonation in the cluster. pKaM: measured value; 
pKaC: calculated value. The geometry for each complex is optimized in the specified Mn redox 
state. The best-fit line has a slope of 0.88, y-intercept of 0.91 and R2 of 0.92 (appendix B Fig. 
S4). 
 
The pKa shifts arising when a terminal water is bound to the Mn complex result from a 
balance of changes in electrostatic interactions between the Mn in the appropriate valence state, 
OH– and the ligands. The free energy changes can be decomposed into pairwise additive terms 
according to Equation 1.173 The interactions with each Mn center lower the pKa of the titrating 
water, while interactions with the other waters (complex 1), oxide bridges and ligands (2-4) raise 
it. Interaction with the surrounding solvent is lost (desolvation penalty) when the ligand, Mn or 
bridge is assembled into the cluster, which increases the pKa. The effects of these changes are 
observed even for simple complexes, such as complex 1, [MnII(H2O)6]2+, for which the 
calculated pKa of 10.3 is in good agreement with the experimental value of 10.6 (Table 3.1).172 
Here the shift of -5.4 pH units relative to bulk water represents a -7.4 kcal/mol net stabilization 
of the OH- relative to bound water (1 pH unit is 1.367 kcal/mol). There is a +2.45 pH unit 
desolvation penalty reflecting the greater loss of the interaction with the solvent for the charged 
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OH– than the bound water. The pairwise electrostatic interactions with MnII stabilizes OH– 
relative to the bound water by -9.4 pH units.  Interactions of the OH- with the other 5 waters 
arranged in octahedral coordination destabilize it by 1.54 pH units. 
The enhanced MCCE method provides the pKa or Em shift when the gedanken fragments 
are moved from solution to the cluster. To go from a shift to a measurable pKa or Em a reference 
pKa,sol or Em,sol for each titrating fragment must be determined in each solvent using the 
thermodynamic cycle shown in Figure 3.2c. The experimental pKas and Em used to back 
calculate Em,sol and pKa,sol using the cycles described in figure 3.2c and 3.2a are shown as boxed 
numbers in Fig. 3.4 and 3.5. 
A pKa,sol of 29.8 for the µ-oxo bridge in water is obtained using the measured µ-oxo pKa 
in complex 5.  The experimental pKa in complex 6 provides a pKa,sol in ACN of 45.0. As water 
stabilizes the more highly charged O-2 state better than ACN, the pKa,sol (and resultant cluster 
pKas)  are lower in the more polar solvent.  The same procedures is used to calculate the Em,sol of 
the Mn of 1.35 V in ACN using data from complex 5. As all Mn Ems were measured in ACN 
only this Em,sol for this solvent can be determined. 
Benchmark calculations of Ems and pKas of di-Mn complexes. Figures 3.3, 3.4 and 3.5 
(and appendix B Table S1) show the comparison of calculated and experimental values of 8 Ems 
and 7 pKas for Mn centers and oxide bridges, respectively, in di-Mn complexes. The bpy (5) and 
salpn (6-8) complexes share a common oxygen bridged dimanganese core that has been designed 
to explore the thermodynamic coupling between protonation and redox changes in high-valent 
Mn complexes. The pKas of these oxide bridges, spread over a 24 pH unit range, include 
measured data for the bpy complex (5) in water99 and salpn (6, three values), Cl-salpn (7, two 
values) and NO2-salpn (8, two values) in ACN.112 Calculations using the DFT minimum energy 
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configuration in the Mn(III,IV) state give an R2 ~ 0.95 and a slope of 0.96. This uses a pKa,ACN = 
45.0 (complex 6-8) for deprotonation of the fragment OH– and pKa,H2O = 29.8 (complex 5). For 
data taken in a single solvent pKa,sol does not affect the slope of a line comparing the 
experimental and calculated values. Rather, the reference pKa,sol determines the y intercept, 
which is -0.07. With structures optimized in the Mn(IV,IV) state, the slope is 1.2. 
 
 
Figure 3.3 Calculated vs. experimental (A) pKas and (B) Ems for bpy (5), salpn (6), and dichloro- 
(7) and dinitro- (8) substituted salpns. Calculations use structures optimized in the Mn(III,IV) 
(filled symbols) and the Mn(IV,IV) (open symbols) states. Data from Figs. 3.4, 3.5, and 
appendix B Table S1. Dashed lines show an ideal correlation through the origin with a slope of 
1. (A) pKas: The best-fit line with the Mn(III,IV) optimized structures has a slope of 0.96, y-
intercept of -0.07 and R2 of 0.9. Using structures optimized in the Mn(IV,IV) state, the line has a 
slope of 1.20, y-intercept of 26 mV and R2 of 0.92. (B) Ems: The best-fit line with the Mn(III,IV) 
optimized structures has a slope of 0.99, y-intercept of -8 mV and R2 of 0.96. Using structures 
optimized in the Mn(IV,IV) state it has a slope of 0.77 , y-intercept of 22 mV and R2 of  0.92. C) 
Correlation between Ems and pKas calculated with the Mn(III,IV) optimized structure for 
complexes 5-8 for oxidation or protonation reactions that increase the cluster charge by +1. Data 
is from Figs. 3.4 and 3.5. The best-fit line has a slope of -83 mV/pKa, y-intercept of 1.64 V and 
R2 of 0.97. All Ems in all panels are calculated in ACN. All pKas are in ACN except for complex 
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Figure 3.4 Calculated and experimental Ems and pKas of bpy complex 5. Each group in 
parenthesis shows the redox state of the two Mn (III or IV) and the protonation state of the two 
bridging oxygens (OH  as OH or O 2 as O). Calculated values of Ems (V, bold, left of vertical 
arrows) compared to experimental data (light text, right of vertical arrows), and calculated (bold, 
above horizontal arrows) and experimental (below horizontal arrows) pKas for 
redox/deprotonation state transitions. The experimental values used to determine the reference 
Em,sol (pKa,sol) are boxed. Ems are given in ACN (solid arrows); pKas in water (dashed arrows). 
Calculations are based on the fixed geometry optimized in the di-µ-oxo-Mn(III,IV) state (shown 
enclosed by a solid line). The fixed ligand charges are obtained in the symmetric di-µ-oxo-
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C) (NO2)2-salpn complex 8 !
 
Figure 3.5. Calculated and experimental Ems and pKas of salpn complexes 6-8. See Figure 3.4 
for full description. 
 
The experimental Ems (Figs. 3.3, 3.4 and 3.5 and appendix B Table 1) span 1.75 V and 
include data for bpy (5, two measured values99,111,174), salpn (6, two values), Cl-salpn (7, two 
values) and NO2-salpn (8, two values).112 There is a very good agreement between calculated and 
experimental data using the Mn(III,IV) structures. The linear fit gives a slope of 0.99, RMSD of 
70 mV and R2 of 0.99.107 With an Em,ACN = 1.35 V the y intercept is -8 mV. As for the analysis of 
pKas, calculations of Ems based on the Mn(IV,IV) structures (open symbols in Figure 3.3B) gives 
a less satisfactory slope of 0.77. 
The enhanced MCCE model greatly simplifies the analysis of the oxo-Mn clusters. The 
Em and pKa changes in different clusters are solely controlled by the classical electrostatic 
energies between the Mn, the bridging oxygens and the first coordination shell ligands. A 
valence integer charge is assigned to each fragment that changes charge in the analysis. The DFT 
input provides cluster geometry and ligand charges that are parameterized in a single state and do 
not change with the reaction. Yet this simple model does a remarkable job of capturing the 
experimental Ems and pKas for this group of complexes. 
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Predicted Ems and pKas. Complexes 5-8 are well studied.99,107,112,175 However, due to the 
intrinsic instability of oxomanganese complexes and other experimental limitations, 
measurements can not provide a full picture of the electrochemistry of these complexes. Figure 
3.4 and 3.5 show that there are six Ems and six pKas associated with possible transitions in each 
cluster from the (top, left) di-µ-hydroxo-Mn(III,III) state to the (bottom, right) di-µ-oxo-
Mn(IV,IV) state. Of the twelve possible values, only four or five have been measured for each of 
complexes 5-8. Here, we predict all Ems and pKas in these clusters. These  values are used to gain 
a better insight into the manner in which the changes in the ligands or the protonation or redox 
state change the electron and proton transfer thermodynamics. 
The unmeasured values of Ems and pKas of the bpy complex 5 (Fig. 3.4), and the salpn 
complexes 6-8 (Fig. 3.5) are predicted in the structures optimized in the Mn(III,IV) state. For 
comparison, calculations based on the Mn(IV,IV) geometries are also reported in appendix B 
(Table S2). Using both measured and predicted values, the analysis can provide an overview of 
how changes in redox and protonation states shift subsequent reactions in a complex and how 
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Table 3.2. Shifts in Ems and pKas induced by changes in the charge distribution of the ligands, 
protonation states of oxide bridges, or oxidation state transitions in the Mn dimer complexes 5–8. 
 
Shifts	  due	  to	  change	  in:	   pKa(µ-­‐O)	   Em(Mn)	  (V)	  
-­‐	  ligand	  charge	  distribution	   	   	  
	  	  	  	  	  	  with	  Cl	  substituentsa	   	  	  -­‐0.9±0.7	   +0.22±0.03	  
	  	  	  	  	  	  with	  NO2	  substituentsb	  	   	  	  -­‐9.1±1.3	   +0.80±0.07	  
-­‐	  protonation	  of	  µ-­‐Oc	   	  	  -­‐6.1±0.5	   +0.60±0.06	  
-­‐	  oxidation	  of	  Mnc	   -­‐10.6±0.9	   +1.01±0.08	  
-­‐	  net	  ligand	  charge	  (-­‐2	  →	  0)d	   -­‐13.6±1.4a	   +1.68±0.09	  
Average of appropriate calculated values for complexes 5-8 in ACN using Mn(III,IV) 
geometries. aComplex 7 vs. 6. bComplex 8 vs 6. cComparison of pKa or Em values for complexes 
5-8 with different bridging oxygen protonation. dComparison of 6 pKas or 6 Ems for complex 6 
vs 5 in different Mn oxidation states. Data from Figs. 3.4-3.5. 
 
Average of appropriate calculated values for complexes 5-8 in ACN using Mn(III,IV) 
geometries. aComplex 7 vs. 6. bComplex 8 vs 6. cComparison of pKa or Em values for complexes 
5-8 with different bridging oxygen protonation. dComparison of 6 pKas or 6 Ems for complex 6 
vs 5 in different Mn oxidation states. Data from Figs. 3.4-3.5. 
Solvent effects on pKas. Many of the manganese model complexes studied here are 
unstable in water.  Special techniques are required to stabilize the complexes in aqueous 
solutions, such as the use of buffer solutions (most commonly acetate or phosphate) with an 
excess of ligand. Therefore, most measurements of Ems and pKas have been performed in non-
aqueous solutions. For complex 6, experimental pKas for the bridging oxygens were only 
measured in ACN solution. pKas are predicted in water by changing the solvent dielectric 
constant around the fragments or the cluster from 40 for ACN to 80 for water and changing the 
reference pKa,sol for the gedanken, O from value determined in ACN (45.0) to that determined in 
water (29.8). The 6 calculated pKas are 6.7±0.9 pH units lower in water than in ACN (appendix 
B S3). The calculated pKa shifts are consistent with measurements of other hydrido transition 
metal complexes that have reported a shift of about 7.5 pH units when comparing pKas in water 
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and in ACN.114 The similarity of the solvent induced pKa shift found for other transition metal 
complexes provides support for the predictions using the enhanced MCCE method and gives 
insight into the crucial role played by the surrounding medium on the acid-base/redox properties 
of oxomanganese complexes. The ability to approximate how pKas measured in ACN will shift 
in water allows clearer comparison with the properties of oxomanganese complexes embedded in 
aqueous biological environments. 
Ligand effects on pKas and Ems. Another important question is how the net charge and 
distribution of charges in the ligands affect the Ems and pKas are captured by the method 
introduced here. For example, comparison of Figures 3.4 and 3.5a shows a dramatic increase in 
the 6 µ-oxo pKas by 20.2±1.4 pH units when the neutral bpy ligands (5) are exchanged by salpn 
(with a net charge of -2) in complex 6. Part of the µ-oxo pKa shift (6.7 pH units) is due to the 
change of solvent, as described above. The other 13.6 pH units, however, is caused by the 
anionic ligands raising the µ-oxo pKas in the cluster. The ligand charges also affect the redox 
potentials of the Mn centers that undergo a large change when the bpy ligands (5) are exchanged 
by the salpn (6) (Figs. 3.4, 3.5a). Comparing the 6 Ems in cluster 5 with those in 6 shows a shift 
of 1.68±0.09 V. The small standard deviation suggests that the influence of the anionic ligand is 
similar for all redox and protonation states of these complexes. Knowledge of the magnitude of 
these shifts is particularly important for understanding biological complexes such as the OEC of 
PSII, where the ligation of the oxomanganese by several anionic groups, including the 
carboxylates of Asp and Glu side chains of surrounding amino acid residues, will be expected to 
modify the thermodynamics of oxidation and deprotonation reactions.1 
Ligand substituent groups can also regulate the Ems and pKas. In the method used here 
this influence is accounted for by changing the atomic partial charge distribution on the ligand, 
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which changes the electrostatic potential at the Mn centers and bridging oxides. The three salpn 
complexes 6–8 have the same ligand net charge yet shows significant polarization effects 
induced by the electron withdrawing groups in the salpn ligands (Figures 3.5, 3.6, 
Supplementary Information S5-S6). Where there is available data the calculated pKa and Ems 
match the values for these complexes showing the electrostatic potential model can adequately 
describe the influence of the charge redistribution induced by electron withdrawing substituents. 
Considering all predicted values, the Cl substitution shifts the µ-O pKa by -0.9±0.7 pH units and 
the Em by +0.22±0.03 V, while NO2 substitution shifts the pKa by -9.1±1.3 pH units and the Em 
by +0.8±0.07 V. 
 
Figure 3.6. Slices of the DFT electrostatic potential from each ligand in (A) complex 6, (B) 7 
and (C) 8 in the plane which contains the axial ligand atoms and is perpendicular to the [Mn2(µ-
O)2] core (zero-charge Mn atom location shown in purple). The electron-withdrawing 
substituents Cl and NO2 move electron density from around Mn to above and below the plane 
shown here, shifting the redox potential to more positive values (see appendix B S8 for ligand 
charges and S6 for the correlation between N atom charges and cluster Em and pKa). 
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The Ems and pKas in complexes 5-8 shift in a regular manner when the net charge of the 
complex is changed by protonation or oxidation of the oxygen bridged di-manganese core. For 
example, protonating an oxide bridge shifts the pKa of the second µ-O bridge pKa to be -6.1±0.5 
pH units lower than the first one. Each added proton shifts the Mn Em up by +0.60±0.06 V. 
Similarly, starting in the Mn(III,III) state, oxidation of the first MnIII raises the electrostatic 
potential of the inorganic core, making the oxidation of the second MnIII +1.01±0.08 V harder. 
The pKa of the oxide bridge pKa shifts by -10.6±0.9 pH units with each Mn oxidation. 
Remarkably, these changes are accounted for by the changes in formal charges of the Mn and 
oxide fragments since in the current model neglects changes in the ligand charges or cluster 
geometry induced by oxidation/protonation state transitions. 
Dependence on the input structure. The empirical method presented here is sensitive to 
the atomic positions in the structure. The Ems and pKas for complex 5 were calculated with 
structures subjected to DFT geometry optimization in the Mn(III,IV) and Mn(IV,IV) states with 
singly protonated or deprotonated oxo bridges (appendix B S5, Table S3). Protonation of the µ-
oxo bridge increases the Mn(IV)–O bond length by 0.11 Å and the Mn(III)—O by 0.57Å in the 
Mn(III,IV) structure. In the Mn(IV,IV) structure the Mn(IV)–O bond increases by 0.15 Å. The 
longer bonds reduce the electrostatic interaction between the oxide bridge and the Mn center and 
shift the calculated pKas and Ems. However, calculations starting with structures optimized in the 
same redox and protonation state show regular shifts in the pKas and Ems. For example 
protonation of one oxygen bridge increases the calculated pKa of the second bridge by 12.1±2.7 
for the Mn(III,IV) structure and 12.3±2.4 for the Mn(IV,IV) structure. The calculations with 
Mn(III,IV) structures provide a better match to the experimental data than those carried out with 
the geometry optimized in the Mn(IV,IV) (Fig. 3.3a, b) or Mn(III,III) state (data not shown). 
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Since we use the same atomic charge values in all cases, it is the position of the ligand atoms that 
result from the Jahn-Teller distortion around the MnIII center(s), captured by the DFT-derived 
geometries that change when the structures are optimized in different states. Consistent with this 
picture, the effect of point charge location is most apparent for the neutral ligands of complex 5, 
where the Em values are too high when the Mn(IV,IV) structure is used (Fig. 3.3b, open squares). 
Thus, in an empirical method such as that used here, good agreement with experiment relies on 
the use of consistent methods to define the structures, partial charges and reference pKa,sol and 
Em,sol for all complexes. 
Thermodynamic coupling in dioxomanganese complexes. The correlated shifts of Ems and 
pKas found by the MCCE analysis (Fig. 3.3C) shows that the [Mn2(µ-O)2] core responds as a 
unit to changes in electrostatic interactions. This results in a strong correlation between changes 
in the Mn redox potential and changes in the oxide bridge pKa in all complexes. The cluster 
charge can be increased by +1 by either Mn oxidation or cluster protonation. MCCE predicted 
values shows a correlation of Ems and pKas for a given cluster state with a slope of ~83 mV/pKa 
unit (Fig. 3.3c). This is in quantitative agreement with experimental studies by Pecoraro and co-
workers where a slope of 85 was found.107 
The underlying changes in protonation and oxidation states compared in Fig. 3.3c 
represent independent, uncoupled, processes. Fig. 3.3c thus analyzes reactions involving a step 
along the horizontal direction and another one vertically in Figures 3.4 and 3.5 (and appendix 
S7). The correlation is thus significantly different from the dependence of Em with pH in PCET 
mechanisms, as in the reaction: 
[MnIV(µ-O)2MnIV]+e–+H+[MnIII(µ-O)(µ-OH)MnIV] 
with an Em that must change by 59 mV/pH unit. 
	   50	  
Thus, PCET correspond to transitions along the diagonal of the same initial and final 
states. In both sequential and tightly coupled electron and proton transfer reactions deprotonation 
increases the basicity of the bridge and, therefore, lowers the potential for oxidation of the 
complex. These mechanisms are thus essential to stabilize high-valent (non-oxidizing) states that 
can accumulate several oxidation equivalents before engaging in redox reactions. 
Potential lessons for proton release with oxidation of the OEC of PSII. Complexes 3 and 
5-8 have been constructed as models of the OEC of PSII which is thought to evolve along the 
catalytic water splitting cycle from the most reduced S0 state (Mn(III,III,III,IV)) to the S3 state 
(Mn(IV,IV,IV,IV)), before forming an oxyl radical species responsible for the O-O bond 
formation.7 The results reported in Figures 3.4, 3.5 and Table 3.2 provide information that can 
help understand the OEC Mn4O5Ca cluster. The analysis of the oxo-manganese clusters shows 
that the pKa of oxo bridges shifts by 9 to 10 pH units each time the complex is oxidized, making 
them good candidates to lose a proton each time the Mn core is oxidized, as long as any bridging 
oxygens remain protonated.134 A close coupling between the core loosing protons and electrons 
is generally consistent with earlier computational models of the OEC that combined DFT and 
QM/MM methods,2,83,84,176 and DFT models of the S0 and S1 states. These earlier simulations 
suggest that the last deprotonation of an OEC hydroxo bridge occurs during the formation of the 
S1 state, with two MnIII and two MnIV centers and all bridging oxygens in the µ-oxo form.176 The 
question remains as to whether protons are then lost from a terminal water when going to the S2 
state,2 especially since the proton release during this transition is pH dependent.26 HYSCORE 
experiments do suggest that there are no terminal hydroxo ligands in the S2 state,177 while a 
recent DFT study suggests that one of the terminal water ligands is deprotonated.87 Notably, the 
proposed electrostatic valence model will be able to explore the variations of pKas and EmS of 
	   51	  
the OEC as a function of the protonation states of vicinal amino acid residues (e.g. D61, H337, 
R357) and replacement of cofactors, such as chloride21 or calcium. Such applications could shed 
light on the several structure-function relations in PSII. 
3.5 Conclusions 
We have documented for the first time the capabilities and limitations of an, enhanced 
MCCE methodology to characterize proton-coupled electron transfer in oxomanganese 
complexes, using Monte Carlo sampling of protonation and redox states on the same 
footing.21,178 The methodology provides predictions with RMSD of 70 mV for Ems covering a 
1.75 V range, and a 2 pH unit RMSD for pKas over a 24 pH unit range, without pre-assignment 
of the microstate at the outset of the calculation as usually done in other techniques, such as 
standard molecular dynamics, DFT, or QM/MM analysis. The MCCE method, thus, by-passes 
the exponential scaling problem, due to the large number of possible microstates, and allows for 
an efficient assessment of the sequence of oxidation and deprotonation state transitions for 
multicenter redox/acid-base cofactor chelated by Lewis base ligands and surrounded by a cluster 
or protein environment. The calculations show a remarkable ability of the MCCE methodology 
to predict shifts in Mn Ems and pKas of hydroxo bridges and terminal water ligands in a series of 
complexes parameterized by geometries and partial atomic charges from quantum chemistry 
calculations. The Em and pKa shifts are modeled solely by the changes in the continuum 
electrostatic interactions between the Mn and the atoms in their first coordination shell. 
Given the success of this simple analysis, the methodology can now be extended and 
applied to the study of other biologically important Mn complexes such as superoxide 
dismutase179 and the OEC of PSII.134,180 The reported enhanced MCCE analysis of trends of 
redox potentials and pKas across several complexes and solvents, partially validate the classical 
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electrostatic methodology as capable of accounting for changes in the electrostatic potential at 
the positions of the redox/acid-base constituent fragments. The analysis also provides guidelines 
for ligand design that should be useful to modulate redox/acid-base transitions. 
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Chapter 4 
 
Proton-coupling to the S state transitions of the oxygen-
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4.1.	  Abstract:	   The	  Oxygen	  Evolving	   Complex	   (OEC)	   of	   Photosystem	   II	   (PSII)	   is	   a	   unique	  
Mn4O5Ca2+	  cluster	  that	  catalyzes	  the	  photoactivated	  water	  splitting	  reaction.	  The	  OEC	  is	  a	  
model	  system	  for	  bio-­‐inspired	  artificial	  systems	  to	  use	  solar	  energy	  to	  pull	  electrons	  from	  
water	   to	   produce	   fuel.	   The	   OEC	   goes	   through	   a	   cycle	   of	   5	   S	   states	   storing	   4	   holes,	   via	  
electron	  transfer	  to	  P680+,	  the	  primary	  electron	  donor	  in	  PSII	  to	  generate	  a	  high	  valence	  S4	  
state	  that	  oxidizes	  water.	  The	  key	  questions	  are	  what	  controls	  the	  order	  of	  oxidation	  and	  
deprotonation	   of	   the	   OEC	   complex	   and	   how	   does	   the	   PSII	   protein	   modulate	   the	   cluster	  
behavior.	   	   Here,	   we	   present	   a	   classical	   electrostatics	   Monte	   Carlo	   (MC)	   technique,	   with	  
input	   from	   density	   functional	   theory	   (DFT)	   and	   molecular	   dynamics	   (MD)	   to	   study	   the	  
thermodynamics	   of	   the	   S0	   to	   S3	   states	   in	   a	   cluster	   embedded	   in	   the	   whole	   PSII.	   In	   the	  
simulation,	  the	  electrochemical	  potential	  (Eh)	  is	  varied	  to	  oxidize	  the	  OEC.	  The	  MC	  sampling	  
allows	   the	   µ-­‐oxo-­‐bridges,	   terminal	   waters	   and	   amino	   acid	   residues	   to	   change	   their	  
protonation	   states	   and/or	   their	   rotamer	   position	   to	   respond	   to	   the	   Mn	   oxidation.	   In	  
addition,	   chloride	   is	   allowed	   to	  move	   during	   the	   cycle.	   The	   order	   of	  Mn	   oxidation	   found	  
here	  is	  Mn2,	  Mn3,	  Mn4	  and	  finally	  Mn1	  as	  the	  system	  goes	  from	  the	  S0	  to	  S3	  states.	  	  In	  the	  S-­‐
1	  state	  O1	  and	  O4	  are	  protonated	  as	  are	  the	  terminal	  waters	  on	  Mn4	  and	  the	  Ca2+.	  	  O4	  and	  
O1	  are	  deprotonated	  when	  S0	  and	  S1	  are	  formed	  respectively.	  	  The	  formation	  of	  S2	  includes	  
proton	  transfer	  from	  W2	  to	  the	  nearby	  D61,	  reducing	  the	  release	  of	  protons	  to	  the	  media,	  
consistent	  with	   experimental	  measurements.	   Protons	   are	   also	   lost	   from	  H337	   and	  E329.	  	  
The	   proton-­‐release	   pattern	   is	   compared	   fixing	   the	   protonation	   states	   for	   H337,	   D61,	  
terminal	  waters	  and	  with	  chloride-­‐depleted	  PSII.	  The	  calculated	  midpoint	  potential	  of	  each	  
Mn	  and	  their	  dependence	  on	  pH	  is	  discussed.	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4.2.	  Introduction	  
Photosystem II (PSII) is a ~350 kDa complex of 20 protein subunits embedded in the 
thylakoid membranes of green plant chloroplasts and the internal membranes of 
cyanobacteria.5,181 PSII uses sunlight to oxidize water and reduce plastoquinone. The water-
splitting process is driven by the oxygen-evolving complex (OEC) of PSII, which catalyzes 
water oxidation and produces the oxygen required for all of life as a by-product in its efficient 
use of solar power.7,134 The OEC accumulates 4 holes as it serves as the terminal electron donor 
to P680+, which is oxidized by light.6,7,182 The OEC undergoes a four-step photochemical S-state 
or Kok cycle, consisting of five Sx states with an index x representing the oxidation rank of each 
state. S0 is the most reduced and S4 is the most oxidized state. Following the 4th oxidation of the 
OEC to form the S4 state, four electrons are removed from two waters accompanied by release of 
molecular oxygen. The OEC then rapidly and spontaneously returns to the S0 state.24 
The OEC consists of an inorganic core of three manganese and a calcium ion in a cubane-
like structure, which is connected to the so called, dangler manganese through a µ-oxo bridge as 
revealed by X-ray crystallography and EXAFS measurements.1,22,29,33,54,183-189 With four Mn, the 
order of oxidation has been the subject of study.  NMR measurements of the relaxation rates of 
solvent water protons around the OEC when subjected to the changing magnetic properties of the 
manganese ions through the S-state cycle support a model where the Mn rather than some group 
in the protein are the electron source for the oxidation in all steps.190 EPR and XANES studies of 
the flash-induced S-states assigned Mn oxidation states of Mn(II),Mn(III),Mn(IV)2 or 
Mn(III)3,Mn(IV)1  for S0, Mn(III)2,Mn(IV)2  for S1 and Mn(III)1,Mn(IV)3  for both S2 and S3. 
This model requires an external electron source in the S2 to S3 transition.64 Other EPR 
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measurements as well as DFT simulations87,191,192 suggest all Mn-centered oxidation leading to 
Mn(IV)4 for the S3 state.  
Through the catalytic cycle, protons are released from the protein in order to balance the 
accumulated positive charges. It is not known if these protons come from the cluster or the 
surrounding protein. The experimental proton- release pattern moving through the four S-state 
transitions (S0-S1, S1-S2, S2-S3 and S3-[S4]-S0) is 1,0,1,2 at physiological pH. In preparations with 
fewer protein subunits, the pattern changes to 1, 1, 1, 1 in spinach PSII cores.26,27,88,193,194 
However, the identity of the proton donors has not yet been established. EXAFS measurements 
show significant changes in the electronic structure and nuclear geometry during the S0-S1 and 
S2-S3 transition, which is consistent with proton loss from bridging oxygens in the cluster.55,195 In 
contrast, there are no major structural changes in the transition from the S1 to S2 state, which may 
be explained by the lack of proton release in this transition.196 The S3 structure undergoes 
structural changes as it is now primed for oxygen chemistry. In oxo-mangenese model systems, 
the pKa of bridging oxygens and terminal waters changes by ≈10 pH units as each Mn is 
oxidized supporting a view where the OEC will release one of the protons it has bound in the S0 
state upon advancing to each of the higher S states.99,107,112,113 
The OEC has been studied extensively by DFT and QM/MM to explore changes in 
cluster geometry and energy during the S-state cycle. The DFT calculations have been tested for 
their ability to reproduce the experimental EXAFS data.57 Studies have been made of S-1,197 
S0,198 S1,2, S287,191,192 and S2, S3 and S4.58,191,192 One limitation is that DFT requires an initial 
guess for the Mn oxidation states and µ-oxo, terminal water and amino acid protonation patterns. 
Thus, 24 possible protonation states were compared for a model that includes only the amino 
acid ligands and H337 to determine the lowest energy protonation state in S2.87 Similar studies of 
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more reduced OEC states that might be present in the x-ray structure relied on the analysis of 
imposed protonation states.197  In addition, DFT is an expensive technique to treat extended 
regions of a protein, especially if large basis sets are used, so the analysis is restricted to key 
cofactors and surrounding residues.  Previous studies included at most the Mn4O5Ca2+ cluster, 
terminal waters, amino acids ligands (D1-D170, D189, H332, E333, D342, A344 and CP43-
E354) and amino acids that are in direct contact with the cluster through hydrogen bonding to the 
µ-oxo bridges (D1-H337 and CP43-R357) in the quantum mechanical (QM) region. The rest of 
the protein was either treated by a dielectric continuum, or approximated by a relatively small 
sphere around the OEC treated at the molecular mechanics (MM) level in QM/MM 
calculations.198 
Continuum electrostatics analysis with Monte Carlo sampling has been carried out to 
analyze the response of protein to redox reactions.199-203 These have the advantage of being able 
to analyze the entire protein, keeping all acidic and basic residues in equilibrium with the 
changes on the redox cofactor.  The difficulty with applying this approach to the OEC has been 
the lack of a good model for the Mn cluster that can be integrated into the classical electrostatic 
analysis.  Recently it was shown that a method based on a classical valence model including only 
electrostatic and Lennard-Jones interactions combined with MC sampling of possible microstates 
within the MCCE program could do a remarkably good job of calculating the Ems and pKas of 
oxo-manganese clusters designed as OEC model complexes.113  The advantage of this simple 
approach is that, in contrast with previous studies, it is not necessary to pre-assign the most likely 
distribution of redox states for the Mn and protonation states for the oxyl and water ligands as all 
possibilities are tested by MC sampling.   
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Here, a novel computational approach in the MCCE program113 that addresses the 
complex problem of the proton-coupled Mn oxidation reactions is applied to the OEC of PSII. 
The simplicity of the model allows the influence of all protein subunits of the PSII core complex 
to be explicitly included in the analysis. The progression of Mn oxidation states and changes in 
the protonation patterns of bridging oxygens, terminal waters, and amino acid residues in the S-
state catalytic cycle are determined. There are more than 2450 possible protonation microstates in 
a protein like PSII with more than 450 polar amino acids.  The method allows the protein to 
remain in equilibrium with the OEC through the S-state cycle. In addition, Cl-, which is known 
to be required to advance beyond S381,204,205 is subjected to Grand Canonical Monte Carlo 
sampling and its binding affinity and location remain in equilibrium with the OEC.  The impact 
of Cl- removal is determined. The method is limited by considering only electrostatic 
interactions.  Remarkably the results are in in good agreement with much higher-level analysis of 
the sites for loss of protons and electrons through the S-state cycle.  Conflict between the MCCE 
results and those of DFT or QM/MM suggest transitions where large conformation changes or 
quantum mechanical effects such as spin state restrictions significant roles.  To the degree that 
this method provides results that are in agreement with other methods for the OEC it allows 
analysis of the complex more fully integrated with the rest of the protein than is possible with 
other computational techniques.   
4.3. Methods 
Preparation of the OEC structure.  The calculations start with the 1.9Å structure of PSII 
(PDB ID 3ARC).189 The Mn4O5Ca2+ cluster, the terminal waters bound to the dangler Mn (Mn4 
see Fig 1) and to the Ca2+, the side chains of the amino acid ligands to the Mn (D170, E189, 
H332, E333, D342, A344 and CP43-354 (all side chains are in the D1 polypeptide unless 
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specified)) as well as the side chains hydrogen bonded to the bridging and terminal oxygens 
(D61, H337 and CP43-357) are optimized using Density Functional Theory (DFT) using the 
B3LYP functional168 with Gaussian09.165 The waters that make hydrogen bonds to O1 and O4 
are removed.  The LANDZ basis sets with effective core potential are used for Mn and Ca while 
6-31G* were used for the other atoms.161,162 The Mn pairs [Mn(4), Mn(3)], [Mn(3), Mn(2)] and 
[Mn(2), Mn(1)] are antiferromagnetically coupled.  
Preparation of the protein structure. The DFT structure of the OEC and amino acids are 
docked back into in PSII protein embedded in membrane. The structure is then minimized with 
Molecular Dynamics (MD) using NAMD 2.855.206 Solvent is implicitly considered using the 
pairwise generalized Born model56207 except the water bound to Mn4 and Ca2+. The ff99SB 
AMBER force field was used for all complexes.208,209 The distances between the Mn and both 
the ligands and the µ-oxo bridges, are harmonically constrained with a force constant of 20 
kcal mol-1 Å-2 with the minimum distance taken from the DFT structure. Bending and torsion 
potentials between all atoms of the Mn complex are omitted. The Mn, µ-oxo and Ca2+ have 
formal charges in the MD analysis. Docking of the optimized OEC with its ligands changes the 
protein structure little.  For the residues with an atom within 10Å of the OEC, the coordinate 
RMSD is 0.13 Å2. 
 The MC sampling uses fixed coordinates for the cofactors and the protein backbone.152 
As Mn(IV) makes shorter bonds to both the bridging oxygens and the ligands than Mn(III), it has 
stronger favorable electrostatics interactions with these groups.  Thus, to have an unbiased 
selection, the OEC was optimized in the S3 state where all the Mn centers are in the Mn(IV) 
state, all µ-oxos are deprotonated and all waters protonated.   
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The same level of theory was used to determine the atom-centered point charges of the 
ligands as used from oxo-manganese model complexes.113 However, in the Mn4O5Ca2+ cluster, 
several ligands are bonded to more than one Mn so the ligand charges are obtained as a unit. 
First the ESP charges are obtained for the entire cluster including the 6 side chains and the Ala c-
terminus that are direct ligands to Mn and Ca. The µ-oxo ligands and terminal waters are 
removed and the Mn and Ca centers are replaced by point charges obtained from the ESP fitting 
of the QM model in the S3 state. The charge on each ligand is not constrained to have an integer 
value, but the net charge on all the ligands is fixed to be -6.  
 MCCE titration of the OEC through the S-state cycle. Earlier studies of redox reactions 
with MCCE considered only how the free energy of moving a group that is well characterized in 
solution into the protein.156,210-212 This information is not available for a unique complex like the 
OEC.  Rather a new method was developed that treats the Mn, Ca and bridging oxygens as 
independent, gedanken objects that interact with each other only through classical 
electrostatics.113  The calculated pKas and Ems were shown to match experimental values for 
eight oxomanganese complexes indicating that purely electrostatic contributions account for 
most of the observed differences in energy of protonation and oxidation state changes. In the 
model, a Mn can be in the Mn(IV) or Mn(III) state, carrying formal charges of +4 or +3, 
respectively. The bridging oxygens can be protonated (OH-) or deprotonated (O-2). TIPS charges 
are used for terminal waters with -0.8 partial charges on oxygen and 0.4 for each hydrogen.167 A 
protonated µ-oxo has a +0.7 charge on hydrogen and -1.7 on oxygen.113 The OH- of a terminal 
water has an ESP charge of 0.2 on hydrogen and -1.2 on oxygen, a value obtained with a single 
point DFT calculation of OH in water.113 Each object may independently change between these 
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defined valence states, with the final redox and protonation pattern being determined by Monte 
Carlo sampling within the context of the protein at a given pH and Eh and ion concentration.   
 The amino acids throughout the protein have PARSE charges213,214 and Amber Lennard-
Jones and torsion energies.215 These are used as well for H337, CP43-R354 and D61, which are 
hydrogen-bond partners to the bridging and terminal oxygens as well as for the backbone atoms 
of the groups whose side chains are ligands to the Mn or Ca ions.  All waters other than the 
ligands to Mn4 and Ca2+ are removed and the cavities filled with implicit solvent with a 
dielectric constant of 80.  Amber partial charges are used for the chlorophylls, hemes and 
quinones.209,215 These cofactors are held in their neutral, ground state. The electrostatic 
interactions are calculated with a protein dielectric constant, e, of 4 for the protein region and 80 
for the solvent.  Cavities within in the protein are filled with a dielectric constant of 80. The salt 
concentration is 150 mM.  Given previous use of MCCE to probe Cl- occupancy, the default Cl- 
chemical potential gives a concentration of ≈50-100 mM.216 The solvent radius is 1.4Å, the Stern 
layer is 2.0Å and the final grid spacing is 2Å/grid. For the 14 polar residues within 10Å of the 
OEC and its ligands, each side chain bond can rotate in 60° increments to generate new positions 
for the carbon atoms.  For all side chains in the protein, all polar hydrogens are sampled in all 
torsion minima, Asn and Gln terminal O and NH2 can interchange and neutral His can sample 
both proton tautomer positions.152 The terminal waters on Mn4 and the Ca2+ have multiple 
proton positions as well as the proton positions coming from the original DFT optimization.   
The simulation allows all conformation, protonation and redox degrees of freedom to 
come to thermodynamic equilibrium by Monte Carlo sampling, without pre-assigned protein 
protonation or OEC oxidation states. The energy of each microstate, ∆Gx, consists of 
electrostatic interactions in addition to intrinsic terms pKa,sol and Em,sol (equation 1).  
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The electrostatics interaction (∆Gij) and the solvation (∆Gsolv) energies are calculated using 
DelPhi.217  The experimental pKa,sol values are used for amino acids.152 The reference solution 
pKa,sol and Em,sol for the gedanken Mn and bridging oxygens were obtained by back calculating 
these values from the experimental pKa of the bridging oxygen and Em for each Mn center.113 
The µ-oxo in the complex [(bpy)4Mn(III,IV)(µ-oxo)(µ-oxoH)]4+ has a pKa of 2.3, which gives a 
reference pKa of 45 for a bridging oxygen.113 The reduction potential of complex 
[(bpy)4Mn(IV,IV)(µ-oxo)2]4+ is 1.51 vs. NHE as determined by cyclic voltammetry 
measurements. This value has yields a Em,sol for Mn  of 1.8 V.113  ρ is the bulk ion density for Cl- 
and ρ/ is the grid space density.178 Cl- is subjected to Grand Canonical Monte Carlo (GCMC) 
sampling as each explicit ion can remain in the protein or leave to the solvent, which is at a fixed 
chemical potential.  
 The standard MCCE redox titrations were carried out at pH 6, by modifying the Eh (eqn 
1).  In addition, pH titrations were carried out between pH 4 and 8 with the Mn +3 and +4 fixed 
for the 4 Mn in the OEC as found for each S state found in a free titration at pH 6.  Other groups 
that are hydrogen bonded to the OEC bridging oxygens or terminal waters are free to change 
their protonation as a function of pH.  
Placing Cl- within PSII.  Cl- is subjected to two rounds of MCCE sampling.  The 10Å 
cavity around the Mn4O5Ca2+ cluster is filled with 196 chloride ions using IPECE on a 0.1Å 
grid.216 Each chloride is free to bind or leave to the solution according to the binding affinity of 
each ion based on the electrostatic and van der Waals energy.178,216 The interior Cl- fill cavities 
that would have implicit solvent.  Delphi calculations are thus recalculated with only those 28 Cl- 
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that are found to have occupancy of at least 28%.  These are found clustered within 3 Å of the 3 
Cl- found in the crystal structure.   
	  
Figure	  4.1.	  The	  Mn4O5Ca	  cluster	  and	  surrounding	  amino	  acids..	  D170	  is	  a	  ligand	  to	  Mn4,	  E189	  and	  
H332	  are	  ligands	  to	  Mn1,	  E342	  bridges	  Mn1	  and	  Mn2	  and	  E354	  bridges	  Mn2	  and	  Mn3.	  The	  C-­‐
terminal	  of	  A334	  connects	  Mn2	  and	  Ca2+;	  E333	  connects	  Mn3	  and	  Mn4.	  	  In	  addition	  Mn4	  and	  Ca2+	  
each	  have	  2	  water	  ligands.	  	  The	  hydrogen	  bond	  from	  CP43-­‐R357	  to	  O2,	  H337	  to	  O3	  and	  D61	  to	  
water	  1	  are	  shown.	  O1	  and	  O4	  make	  hydrogen	  bonds	  to	  waters	  in	  the	  crystal	  structure	  that	  are	  
replaced	  with	  implicit	  solvent	  here.	  	  Darker	  lines	  show	  ligands	  above	  the	  plane,	  while	  dashed	  lines	  
are	  below.	  	  
	  
4.4.	  Results	  
The	  MCCE	  calculations	   start	  with	  DFT	  cluster	  optimized	   in	   the	  Mn(IV)4	   state	  with	  	  
all	   µ-­‐oxo	  deprotonated	   and	   all	  waters	   are	  protonated.	  The	   calculations	   of	   proton	   affinity	  
and	  redox	  potential	  in	  model	  complexes	  based	  on	  the	  classical	  electrostatics	  using	  a	  fixed	  
structure	   (reactant	   or	   product	   structure)	   have	   yield	   a	   very	   good	   agreement	   with	   the	  
experimental	  data.113	   	  The	  Eh	  of	   the	   simulations	   is	   changes	  moving	   the	  OEC	   from	  a	   state	  
with	  Mn(III)4	   to	  Mn(IV)4	   (eqn	  1).	   	   As	   the	  Mn	  becomes	  oxidized	   the	  protons	   that	   are	   lost	  
from	  the	  OEC	  and	  the	  surrounding	  protein	  are	  identified.	  The	  method	  is	  limited	  in	  that	  the	  
cluster	  is	  held	  rigid,	  while	  it	  is	  likely	  to	  change	  geometrical	  and	  electronic	  structure	  as	  it	  is	  
oxidized.55,195	  Thus,	  DFT	  were	  used	  in	  parallel	  with	  the	  classical	  model	  to	  test	  and	  validate	  
the	  obtained	  results.	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PSII	  and	  OEC	  protonation	  and	  oxidation	  in	  the	  S-­‐1	  state.	  As	  only	  the	  high-­‐valent	  Mn	  
oxidation	  states	  Mn(III)	  or	  Mn(IV)	  are	  allowed	  as	  possible	  states,	   the	  most	   reduced	  state	  
studied	  here	   is	  an	  S-­‐1	  state	  with	  all	  Mn	  in	  the	  +3	  state.	  There	   is	  evidence	  that	  S-­‐1	   is	   in	  the	  
Mn(II)Mn(III)2Mn(IV)	  state.197	  	  However,	  the	  Mn(III)4	  S-­‐1	  state	  used	  a	  useful	  initial	  state	  to	  
determine	   the	   overall	   protonation	   states	   of	   the	   protein	   around	   a	   symmetrically	   oxidized	  
OEC.	   O1	   and	   O4	   are	   found	   to	   be	   protonated,	   with	   the	   other	   µ-­‐oxo	   bridges,	   O2,	   O3	   O5,	  
deprotonated	  (Fig	  1).	  The	  OEC	  terminal	  water	  molecules	  are	  all	  in	  their	  neutral	  H2O	  state	  in	  
S-­‐1.The	  structure	  provides	  a	  rationale	  for	  which	  protons	  are	  retained	  within	  the	  OEC	  in	  the	  
S-­‐1	   state.	   	  O2	  and	  O3	  are	  hydrogen	  bonded	   to	  CP43-­‐R357+	  and	  H337+,	   respectively	   (if	  no	  
chain	  designator	  is	  given	  the	  residue	  is	  in	  the	  D1	  polypeptide).	  	  The	  simulation	  allows	  the	  
bridging	  oxygen	  or	  the	  side	  chain	  to	  be	  the	  proton	  owner	  in	  the	  hydrogen	  bond.	  	  The	  low	  
energy	  states	  have	  the	  CP43-­‐R357	  and	  His337	  the	  protonated	  member	  of	  the	  pair.	  	  O1	  and	  
O4	  have	  a	  hydrogen	  bond	  donated	  from	  a	  neutral	  water	  in	  the	  crystal	  structure.	  This	  water	  
is	   replaced	  with	   implicit	   solvent	   here.	   O4	   and	   O5	   bridge	   the	  Mn4	   (the	   dangler	  Mn)	   and	  
Mn3.	  O5	  connects	  the	  dangler	  to	  the	  distorted	  OEC	  cube	  so	  is	  bonded	  to	  3	  Mn	  plus	  the	  Ca2+,	  
which	  lowers	  its	  proton	  affinity	  in	  the	  electrostatic	  analysis.	  O4,	  which	  remains	  protonated,	  
is	  only	  connected	  to	   two	  Mn.	  O1	  retains	   its	  proton,	  as	   it	   is	  relatively	  close	   to	  D189,	  E342	  
and	  the	  C-­‐terminal	  of	  A344,	  which	  are	  the	  anionic	  ligands	  of	  Mn1,	  Mn2	  and	  the	  Ca2+.	  	  	  
The	  protonation	  states	  of	  all	  amino-­‐acid	  residues	   in	  PSII	  are	  allowed	   to	  come	   into	  
equilibrium	   with	   the	   OEC	   core	   through	   MC	   sampling.	   The	   amino-­‐acid	   ligands	   of	   the	  
Mn4O5Ca2+	   cluster	   were	   held	   fixed.	   Initial	   studies	   showed	   that	   because	   of	   the	   strong	  
favorable	  interactions	  between	  the	  Mn	  and	  their	  first	  shell	  ligands	  these	  side	  chains	  do	  not	  
move	  or	  change	  charge.	  During	  the	  titration,	  the	  amino-­‐acid	  residues	  not	  directly	  ligating,	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but	  within	  10Å	  of	  the	  OEC,	  may	  sample	  different	  side	  chain	  conformations.	  All	  protonatable	  
residues	  within	  15	  Å	  of	   the	  OEC	  are	   found	   in	   the	  standard	  protonation	  states	   (Asp-­‐,	  Glu-­‐,	  
His0,	  Lys+,	  Arg+)	  with	  the	  exception	  of	  E3290,	  and	  H337+,	  both	  of	  which	  are	  protonated.	  The	  
Cl-­‐-­‐	  ions	  are	  subjected	  to	  Grand	  Canonical	  Monte	  Carlo	  sampling.	  	  They	  are	  found	  to	  remain	  
in	  or	  near	  the	  three	  positions	  found	  in	  the	  crystal	  structure	  throughout	  the	  S-­‐state	  cycle.	  	  
As	   the	   OEC	   is	   oxidized	   through	   the	   advancing	   S	   states	   from	   S-­‐1	   to	   S3,	   CP43-­‐R357	  
remains	   positively	   charged,	   providing	   a	   stable	   hydrogen	   bond	   to	   O2.	   	   However,	   the	  
protonation	   states	   of	   D1-­‐D61,	   D1-­‐H337,	   D1-­‐E329,	   and	   a	   water	   coordinated	   to	   Mn4	   are	  
found	  to	  change	  as	  the	  OEC	  is	  oxidized.	  In	  addition,	  other	  sites	  change	  protonation	  by	  small	  
amounts	  leading	  to	  fractional	  proton	  release	  of	  protons	  to	  the	  solvent.	  
S-­‐1	   has	   been	   investigated	   with	   DFT	   previously.197	   The	   cluster	   was	   in	   the	  
Mn(II)Mn(III)2Mn(IV)	  oxidation	  state	  with	  one	  of	  the	  terminal	  waters	  on	  Mn4	  fixed	  in	  the	  
hydroxyl	   form.	   	  Several	  protonation	  states	  of	   the	  bridging	  oxos	  were	  evaluated	   including	  
those	  with	   two	   protons	   remaining	   on	   these	   oxygens.	   	   Studies	   of	  model	   complexes	  make	  
these	  states	  unlikely	  as	   the	  proton	  affinity	  of	   the	  bridging	  oxygens	   is	  generally	  much	   less	  
than	  that	  of	  the	  terminal	  waters.100,119,139	  	  	  
PSII	   and	  OEC	   protonation	   and	   oxidation	   in	   the	   S0	   state.	   Raising	   the	   simulation	   Eh	  
causes	   the	  OEC	  to	  become	  more	  oxidized	  moving	   from	  an	  S-­‐1	  state	  with	  Mn(III)4	   to	  an	  S0	  
state	   with	   Mn(III)3Mn(IV).	   	   The	   protonation	   states	   remain	   in	   equilibrium	   with	   the	   Mn	  
charges.	  Using	  the	  analysis	  of	  the	  oxo-­‐manganese	  complexes	  to	  connect	  these	  calculations	  
to	  the	  Standard	  Hydrogen	  Electrode,113	  the	  Em	  for	  the	  S-­‐1	  to	  S0	  state	  transition	  is	  ≈0	  V,	  with	  
Mn3(III)	  being	  oxidized	   to	  Mn3(IV)	   to	   yield	   the	   (III,III,IV,III)	   state.	   (The	   roman	  numerals	  
within	   the	   parenthesis	   represent	   the	   redox	   state	   of	   (Mn1,	   Mn2,	   Mn3,	   Mn4).	   In	   the	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electrostatic	  analysis,	  the	  location	  of	  Mn3	  between	  four	  dianionic	  bridging	  oxygens	  (O2,	  O3,	  
O4	   and	  O5)	   creates	   strong	   favorable	   electrostatic	   interactions	   that	   support	   its	   oxidation	  
(Fig.	  1).	  	  Mn3	  oxidation	  is	  coupled	  to	  deprotonation	  of	  the	  neighboring	  O4	  µ-­‐oxo	  bridge.	  O1	  
and	  the	  terminal	  waters	  remain	  protonated.	  No	  other	  changes	  in	  protein	  charge	  states	  are	  
found	  during	  this	  transition.	  	  Thus,	  the	  proton	  is	  lost	  only	  from	  the	  OEC.	  
Given	  that	  Mn3	  is	  oxidized	  first,	  the	  cluster	  geometry	  explains	  qualitatively	  why	  O1	  
retains	   a	   proton	   in	   S0.	   	   In	   the	   S0	   state,	   Mn3-­‐Mn2	   and	   Mn3-­‐Mn4	  may	   be	   viewed	   as	   two	  
Mn(III,IV)	  dimers	   connected	  by	   the	  now	  oxidized	  Mn3	   (Fig	  1,	   S1).	  Mn1-­‐Mn2	  remains	   the	  
only	  Mn(III,III)	  dimer.	  	  Model	  systems	  show	  pKa	  of	  a	  bridging	  oxygen	  in	  a	  Mn(III,III)	  dimer	  
is	  ≈	  9	  pH	  units	  higher	  than	  in	  a	  Mn(III,IV)	  dimer.99,113	  Thus,	  one	  of	  the	  oxygens	  (O1	  or	  O3)	  
bridging	  Mn1-­‐Mn2	  should	  retain	  a	  proton.	  	  O3	  accepts	  a	  hydrogen	  bond	  from	  H337	  (Figure	  
1),	  so	  O1	  has	  the	  highest	  proton	  affinity	  of	  the	  bridging	  oxygens.	  	  
However,	  previous	  DFT	  studies	  have	  suggested	  that	  S0	  has	  Mn2(IV)	  with	  the	  proton	  
remaining	   on	   O5.191	   Electron	   nuclear	   double	   resonance	   detected	   NMR	   (EDNMR)	  
spectroscopy	   experiments	   also	   suggest	   either	   O4	   or	   O5	   is	   exchangeable	   with	   water,	  
indicating	  they	  should	  have	  the	  highest	  proton	  affinity	  of	  the	  bridging	  oxygens.	  The	  role	  of	  
O5	   in	   the	   exchange	   process	   is	   supported	   by	   it	   being	  most	   sensitive	   to	   changing	   Ca2+	   to	  
Sr2+.218	   	  A	   recent	  QM/MM	  study	   that	   judge	  optimized	   the	  OEC	   structure	   to	   the	   results	   of	  
EXAFS	  measurements	  also	  suggests	  that	  O5	  is	  the	  proton	  carrier	  in	  S0.198	  
	  DFT	   has	   been	   used	   to	   calculate	   the	   energy	   	   of	   the	  Mn4O5Ca	   cluster	  with	   the	   side	  
chains	   (including	   the	   Cβ	   atoms)	   of	   the	   OEC	   ligands,	   plus	   D1-­‐D61-­‐,	   D1-­‐H337+	   and	   CP43-­‐
R357+	   in	   the	   states	  Mn2(IV)	  with	  O4	   (reference	   state	  ∆G=0)	   or	  O5	   (∆∆G=3.21	   kcal/mol)	  
protonated	  and	  Mn3(IV)	  with	  O1	  protonated	  (∆∆G=0.33	  kcal/mol)	  (The	  energy	  relative	  to	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the	  Mn2(IV)-­‐O4	  protonated	  state	  is	  given	  in	  parenthesis).	  The	  geometry	  is	  optimized	  given	  
the	   initial	   defined	   Mn	   oxidization;	   spin	   states	   and	   bridge	   protonation	   states.	   	   The	   DFT	  
energies	   of	   all	   3	   states	   are	   within	   3.21	   kcal/mol,	   with	   Mn3(IV).	   	   The	   state	   with	   O5	  
protonated	   has	   the	   highest	   energy,	   while	   Mn3(IV)	   and	   O4	   protonated	   has	   the	   lowest	  
energy.	   The	   state	  with	   the	  most	   favorable,	   purely	   electrostatic	   energies	   is	   in	   the	  middle.	  	  
These	  results	  suggest	  that	  multiple	  states	  are	  accessible	  at	  room	  temperature	  and	  that	  the	  
protonation	  states	  found	  in	  the	  classical	  electrostatic	  analysis	  is	  reasonable.	  
PSII	   and	   OEC	   protonation	   and	   oxidation	   in	   the	   S1	   state	   The	   Eh	   for	   the	   S0	   to	   S1	  
transition	  is	  calculated	  to	  be	  930	  mV	  vs	  SHE	  as	  Mn2	  is	  oxidized	  with	  the	  concomitant	  loss	  
of	   the	   proton	   from	   O1,	   making	   the	   S1	   oxidation	   state	   Mn[III,	   IV,	   IV,	   III]	   with	   all	   of	   the	  
bridging	   oxygens	   now	   deprotonated	   (see	   Figure	   2).	   This	   provides	   a	   high	   potential	   for	  
oxidation	  of	   the	  OEC,	  which	  will	  be	  able	   to	   reduce	  P680+,	  with	   its	  Em	  of	  ≈1.2V.194,219	  Upon	  
oxidation	  of	  Mn2	  to	  form	  the	  S1	  state,	  Cl-­‐	  680	  (x-­‐ray	  structure	  designation)	  moves	  ~	  3.0Å	  
closer	  to	  H337,	  which	  is	  hydrogen	  bonded	  to	  O3.	  While	  there	  are	  several	  low	  energy	  redox	  
and	  protonation	  configurations	  in	  the	  S0	  state,	  the	  calculations	  for	  S1	  through	  S3	  show	  only	  
one	  low-­‐energy	  configuration	  in	  MC	  sampling	  or	  DFT	  investigations.	   	  This	  assignment	  for	  
oxidation	  and	  protonation	  states	  is	  the	  same	  found	  in	  QM/MM	  models.2	  A	  DFT	  model	  for	  S1	  
suggest	  that	  there	  is	  a	  OH-­‐	  on	  Mn4.192,197	  However,	  this	  microstate	  is	  not	  selected	  in	  the	  MC	  
sampling.	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Figure	   4.2.	   Eh	   titration	   of	   the	   OEC	   showing	   species	   that	   change	   oxidation	   or	   protonation	   state.	  
Individual	   Mn	   atom	   charge	   change	   from	   +3	   to	   +4	   on	   the	   right	   axis.	   Charges	   for	   µ-­‐oxo-­‐bridges	  
(change	   from	  OH-­‐	   to	  O-­‐2),	   terminal	  waters	   (changing	   from	  H2O	   to	  OH-­‐)	   and	   amino	   acids	   (D61-­‐	   to	  
D61H	  and	  H337H+	  to	  H3370)	  are	  on	  the	  left	  axis.	  All	  µ-­‐oxo	  bridges	  except	  O1	  are	  deprotonated	  in	  
the	  initial	  S0	  state.	  All	  waters	  except	  W1	  remain	  neutral	  in	  all	  S-­‐states.	  The	  species	  that	  change	  state	  
in	  each	  transition	  are	  indicated	  by	  circles	  (S0	  to	  S1),	  triangles	  (S1	  to	  S2),	  and	  squares	  (S2	  to	  S3).	  	  
	  
PSII	  and	  OEC	  protonation	  and	  oxidation	  in	  the	  S2	  state.	  	  The	  MCCE	  calculations	  show	  
the	  dangler,	  Mn4	  is	  oxidized	  to	  generate	  the	  Mn[III,	  IV,	  IV,	  IV]	  S2	  state	  at	  1290	  mV.	  As	  all	  the	  
bridging	   oxygens	   have	   been	   deprotonated,	   oxidation	   of	   the	   dangler	   Mn4	   in	   the	   S1	   to	   S2	  
transition	  triggers	  a	  loss	  of	  the	  proton	  on	  W1.	  	  However,	  in	  MC	  sampling	  ≈75%	  of	  the	  D61,	  
4Å	  away	  from	  the	  water	  oxygen,	  accepts	  the	  proton,	  stabilizing	  the	  water	  OH-­‐	  state	  (Figure	  
2).	  Thus,	  in	  the	  lower	  S	  states	  the	  water	  donates	  a	  hydrogen	  bond	  to	  the	  Asp,	  while	  in	  the	  S2	  
state	  the	  Asp	  owns	  the	  proton,	  giving	  a	  hydrogen	  bond	  to	  the	  OH-­‐.	  	  	  Here	  oxidation	  leads	  to	  
a	  shift	  in	  the	  hydrogen	  bond	  between	  D61	  and	  W1	  with	  limited	  proton	  loss	  to	  solution	  in	  
agreement	  with	  studies	  of	  proton	  release.88	  The	  proton	  transfer	  from	  W1	  to	  D61	  was	  also	  
explored	  with	  DFT.	  	  The	  DFT	  optimized	  S2	  structure	  was	  initiated	  with	  the	  Mn(III,IV,IV,IV)	  
state	  with	  all	  waters	  protonated	  in	  the	  presence	  of	  an	  ionized	  D61.	  	  However,	  this	  structure	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has	  a	  W1	  Mn4-­‐O	  bond	  that	  is	  0.3Å	  shorter	  than	  W2	  with	  a	  W1	  proton	  having	  moved	  0.16Å	  
closer	   to	  D61	  relative	   to	   the	  S1	  structure.	  Thus,	   the	  proton	  has	  partially	   transferred	   from	  
the	  OEC	  to	  D61.	  	  
In	  addition,	  we	  explored	  how	  much	  the	  asymmetry	  of	  the	  input	  structure	  affects	  the	  
location	  of	   the	  proton	   lost	   forming	   the	  S2	  state.	   	  The	  DFT	  optimized	  S3	  used	   in	   the	  MCCE	  
calculations	  also	  show	  the	  partial	  proton	  transfer	  from	  W1	  to	  D61.	  	  This	  structural	  different	  
in	  the	  positions	  of	  W1	  and	  W2	  will	  bias	  the	  MC	  sampling	  in	  the	  S2	  state.	  As	  W1	  is	  closer	  to	  
Mn4	  its	  proton	  affinity	  is	  4.2	  kcal/mol	  less	  than	  W2.	  The	  electrostatic	  interaction	  between	  
the	  accepted	  water	  and	  hydroxyl	  and	  Mn4	  were	  averaged,	   thus	  removing	   the	  bias	  due	   to	  
the	  difference	  in	  the	  starting	  structure.	  All	  other	  interactions	  were	  left	  unchanged.	  	  Now	  the	  
proton	  is	  lost	  from	  W2,	  which	  has	  a	  proton	  affinity	  ≈4kcal/mol	  smaller	  than	  W1	  because	  of	  
the	   interactions	   with	   the	   Ca2+.	   This	   result	   is	   consistent	   with	   previous	   DFT	   studies	   that	  
discussed	  the	  energetic	  of	  different	  configuration	  patterns	  at	  S2	  in	  DFT	  studies	  that	  lacked	  
D61	  in	  the	  model.87	  	  
Deprotonation	  of	  at	  least	  one	  terminal	  water	  in	  the	  S1	  to	  S2	  transition	  is	  consistent	  
with	   the	  measurements	   in	  model	   systems	  where	   the	   pKa	   of	   both	   bridging	   and	   terminal	  
oxygens	   can	   shift	   by	   more	   than	   10	   pH	   units	   when	   an	   attached	   Mn	   is	   oxidized.220	   For	  
example,	   in	   the	   di-­‐Mn	   L(3,5-­‐X)	   complex	   where	   (L=	   2-­‐hy-­‐droxy-­‐1,3-­‐bis(3,5-­‐X	   -­‐
salicylideneamino)propane,	  X=CL,	  H),	  the	  pKa	  of	  water	  bound	  to	  Mn(III,IV)	  dimer	  is	  10,	  but	  
decreases	  to	  <0	  upon	  oxidation	  of	  the	  complex	  and	  formation	  of	  a	  Mn(IV,IV)	  state.106	  The	  
loss	  of	  a	  proton	  from	  the	  terminal	  water	  W1	  leads	  to	  only	  a	  small	  perturbation	  of	  the	  DFT	  
optimized	  structure	  relative	  to	  the	  S1	  state.	  	  This	  is	  consistent	  with	  the	  small	  differences	  in	  
the	  EXAFS	  spectra	  of	  S1	  and	  S2	  states.196	  	  The	  role	  of	  D61	  has	  been	  tested	  by	  mutation.	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As	   the	  proton	   is	  held	   in	   the	  extended	  OEC	  cluster	   in	   the	  S2	   state,	   the	  accumulated	  
positive	   charge	   leads	   to	   some	   changes	   in	   protonation	   though	   out	   the	   protein.	   	   The	  most	  
significant	  is	  from	  E329,	  20Å	  for	  the	  OEC,	  which	  shifts	  pKa	  leading	  to	  proton	  loss	  during	  the	  
S0	   to	   S1	   and	   S1	   to	   S2	   transitions	   (Table	   1).	   E329	  has	   a	   high	  proton	   affinity	   as	   it	   is	   highly	  
desolvated	  and	  is	  in	  a	  region	  of	  negative	  potential	  from	  nearby	  backbone	  atoms.	  As	  the	  OEC	  
becomes	  more	  positive	  in	  the	  advanced	  S-­‐states,	  the	  pKa	  of	  E329	  is	  lowered	  due	  to	  the	  long-­‐
range	  electrostatics	  interactions.	  
PSII	  and	  OEC	  protonation	  and	  oxidation	  in	  the	  S3	  state.	  In	  the	  MCCE	  simulation,	  the	  
titration	  from	  S2	  to	  the	  Mn(IV,	  IV,	  IV,	  IV)	  S3	  occurs	  at	  quite	  a	  high	  value	  of	  1680	  mV,	  with	  
the	  oxidation	  of	  Mn1.	  	  This	  is	  coupled	  to	  deprotonation	  of	  H337+,	  which	  makes	  a	  hydrogen	  
bond	   to	  O3.	   The	   high	  Em	   is	   because	   of	   the	   incomplete	   ligands	   coordination	   of	  Mn1	   (see	  
discussion).	   	  There	  is	  almost	  no	  change	  in	  the	  fraction	  of	  a	  proton	  held	  between	  D61	  and	  
W1.	  	  In	  MC	  calculations,	  redox	  and	  protonation	  states	  come	  to	  equilibrium	  without	  concern	  
for	   the	   deprotonation	   pathway.	   H337,	   which	   is	   surrounded	   by	   amino	   acids	   that	   cannot	  
function	  as	  proton	  acceptors,	  may	  have	  a	  large	  kinetic	  barrier	  for	  the	  loss	  of	  this	  proton	  to	  
the	  bulk.	  The	  Mn1	  ligand	  H332,	  which	  faces	  H337	  across	  a	  cavity	   filled	  with	  water,	  could	  
only	   function	  to	  aid	  proton	  transfer	   through	   formation	  of	  a	   transient	   imidazolate	  state.	   If	  
MC	  sampling	  is	  carried	  out	  while	  fixing	  the	  protonated	  state	  of	  H337,	  then	  the	  proton	  lost	  
in	   the	   S2-­‐S3	   transition	   is	   from	   D61.	   	   A	   role	   for	   D61	   in	   this	   step	   is	   consistent	   with	   the	  
reported	  decrease	  of	   the	  rates	  of	   the	  S1-­‐S2	  and	  S2-­‐S3	   transitions	  when	  D61	   is	  replaced	  by	  
non-­‐polar	  groups.221	  	  There	  are	  no	  other	  changes	  in	  protonation	  in	  the	  rest	  of	  the	  protein	  as	  
the	  OEC	  is	  oxidized	  to	  the	  S3	  state.	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4.5.	  Discussion	  
Order	  of	  oxidation	   in	  the	  MCCE	  model.	   	  Qualitatively,	   the	  order	  of	  oxidation	  of	   the	  
Mn	  (Mn2,	  Mn3,	  Mn4,	  M1)	  found	  here	  can	  be	  explained	  given	  the	  cluster	  geometry	  (Fig	  S1).	  
The	   most	   important	   factor	   is	   the	   net	   charge	   on	   the	   first	   coordination	   shell.	   	   The	  
deprotonated	  oxo	  bridges	  have	  a	  formal	  charge	  of	  -­‐2	  while	  the	  anionic	  amino	  acids	  have	  a	  
formal	   -­‐1	   charge.	   	  Mn3	  has	   4	   µ-­‐oxo	   ligands	   and	  2	   anionic	   amino	   acid	   ligands	   (E333	   and	  
354)	   and	   is	   the	   easiest	   to	   oxidize.	   Mn2	   with	   3	   µ-­‐oxo	   ligands	   and	   3	   anionic	   amino	   acid	  
ligands	  (Asp	  D342,	  344	  and	  CP43-­‐E554)	  is	  next.	  Mn4	  has	  the	  least	  repulsion	  from	  the	  rest	  
of	   the	  metals	   in	   the	   cluster,	   but	   it	   has	   only	   2	   µ-­‐oxo	   and	   2	   anionic	   ligands	   along	   with	   2	  
neutral,	   terminal	  water	   ligands.	   	  Mn1,	  which	   is	   the	  hardest	   to	  oxidize,	  has	  only	  5	   ligands	  
with	  bond	  lengths	  <2.2Å	  plus	  a	  long	  bond	  to	  O5.	  	  It	  has	  2	  µ-­‐oxo	  ligands,	  and	  one	  anionic	  and	  
one	  neutral	  ligand	  (H332).	  The	  relative	  electron	  affinity	  calculated	  here	  may	  be	  modulated	  
by	  polarization	  to	  reduce	  the	  difference	  in	  charge	  on	  the	  bridging	  oxygens	  and	  amino	  acid	  
ligands	  and/or	  rearrangement	  of	  ligands	  coordination,	  which	  is	  not	  part	  of	  the	  simulation	  
technique	  used	  here.	  
The	   role	   of	   protein.	   To	   test	   the	   role	   of	   protein	   in	   the	   catalytic	   reaction,	   the	  
Mn4O5Ca2+	  cluster,	  the	  amino-­‐acid	  ligands	  and	  the	  terminal	  water	  were	  isolated	  and	  placed	  
in	   implicit	  water	  with	   a	   dielectric	   constant	   of	   80.	   The	   groups	   that	   hydrogen	  bond	   to	   the	  
OEC,	  D61,	  H337	  and	  CP43-­‐R354	  are	  removed.	   	  An	  MCCE	  redox	  titration	   is	  carried	  out	  on	  
the	   isolated	  cluster.	  The	  order	  of	  Mn	  oxidation	   is	   the	  same	  as	   for	   the	  reaction	   in	  protein.	  
The	  Ems	  of	   the	  Mn	  are	   lower	   in	   the	   isolated	  cluster	  because	  of	   the	  absence	  of	  H337+	  and	  
CP43-­‐R357+.	   	  The	   loss	  of	   these	  residues	  also	  changes	   the	  protonation	  pattern,	  so	   that	  O4	  
now	  only	  becomes	  deprotonated	  in	  the	  S1-­‐S2	  transition.	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   The	  effect	  of	  chloride.	  The	  crystal	  structure	  shows	  3	  Cl-­‐.1	   	  Cl-­‐	  680	   is	  7.5	   from	  Mn2,	  
and	  5Å	   from	  H337.	   	  Cl-­‐	  679	   is	  6.6	  Å	   from	  Mn4	  and	  5.5	  Å	   from	  D61.	   	  The	   third	  Cl-­‐	  808,	   is	  
associated	  with	  PsbU	  and	   is	  near	   the	  surface	  of	   the	  protein.	   	   	  Multiple	  Cl-­‐	  positions	  were	  
tested	   in	   MCCE	   sampling	   in	   the	   S3	   state	   and	   only	   Cl-­‐	   within	   3Å	   of	   the	   crystal	   structure	  
positions	   are	   selected	   and	   so	   retained	   for	   further	   analysis	   (Fig	   S2).	   	   Throughout	   the	  
titration	  from	  S-­‐1	  to	  S3	  all	  three	  Cl-­‐	  remain	  bound	  with	  a	  Cl-­‐	  chemical	  potential	  of	  ≈100	  mM.	  	  
A	   redox	   titration	   of	   the	   OEC	  was	   carried	   out	  with	   all	   Cl-­‐	   removed	   (Table	   1).	   	   There	   are	  
changes	   in	   protonation	   of	   key	   residues.	  D2-­‐K317	   is	   fully	   deprotonated	   in	   the	   absence	   of	  
chloride.	   In	   recent	  MD	  simulations,	  we	   found	   that	   in	   the	  absence	  of	  Cl-­‐	  D2-­‐K317	  remains	  
protonated	  by	  making	  a	  salt	  bridge	  to	  D61.21	  	  Here	  the	  backbone	  atoms	  are	  held	  fixed	  and	  
the	  D61	  carboxylate	  group	  cannot	  move	  enough	  to	  substitute	  the	  depleted	  negative	  charge	  
of	  the	  chloride.	  With	  Cl-­‐	  present,	  H337	  becomes	  deprotonated	  in	  the	  S3	  state.	  	  Without	  Cl-­‐,	  
this	  His	  is	  mostly	  deprotonated	  in	  the	  S1	  state	  and	  is	  fully	  deprotonated	  in	  the	  later	  states.	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Table	  4.1.	  The	  Mn	  midpoint	  potential,	  Mn	  oxidation	  and	  site	  protonation	  in	  different	  S-­‐states.	  
	   Standard	   Cl	  Removed	   H3370	   H337+	  
	   S0	   S1	   S2	   S3	   S0	   S1	   S2	   S3	   S0	   S1	   S2	   S3	   S0	   S1	   S2	   S3	  
































O1	   -­‐1	   -­‐2	   -­‐2	   -­‐2	   -­‐1	   -­‐2	   -­‐2	   -­‐2	   -­‐1.00	   -­‐1.96	   -­‐2	   -­‐2	   	  -­‐1	   -­‐2	   -­‐2	   -­‐2	  
O4	   -­‐1.90	   -­‐1.99	   -­‐2	   -­‐2	   -­‐2	   -­‐1.96	   -­‐2	   -­‐2	   -­‐1.04	   -­‐1.35	   -­‐2	   -­‐2	   -­‐1.96	   -­‐2	   -­‐2	   -­‐2	  
W1	   0	   0	   -­‐1	   -­‐1	   0	   0	   -­‐1	   -­‐1	   0	   0	   -­‐1	   -­‐1	   0	   0	   -­‐1	   -­‐1	  
D61	   -­‐0.99	   -­‐1	   -­‐0.26	   -­‐0.22	   -­‐1.00	   -­‐1	   -­‐0.04	   -­‐0.83	   -­‐0.9	   -­‐1	   0	   -­‐0.22	   -­‐1	   -­‐1	   -­‐0.14	   -­‐
0.93	  
H337	   1	   1	   1	   0	   1	   0.16	   0	   0	   0	   0	   0	   0	   1	   1	   1	   1	  
E329	   -­‐0.97	   -­‐0.83	   -­‐0.96	   -­‐0.99	   -­‐1	   -­‐0.81	   -­‐0.98	   -­‐1.00	   -­‐0.83	   -­‐0.30	   -­‐0.44	   -­‐1.0	   -­‐0.96	   -­‐0.88	   -­‐0.98	   -­‐1	  
CL	   -­‐3	   -­‐3	   -­‐3	   -­‐3	   0	   0	   0	   0	   -­‐3	   -­‐3	   -­‐3	   -­‐3	   -­‐3	   -­‐3	   -­‐3	   -­‐3	  
K317	   1	   1	   1	   1	   0	   0	   0	   0	   1	   1	   1	   1	   1	   1	   1	   1	  
Tot	   -­‐37.6	   -­‐38.6	   -­‐39.3	   -­‐40.3	   -­‐39.9	   -­‐41.2	   -­‐41.8	   -­‐42.9	   -­‐37.8	   -­‐38.5	   -­‐39.4	   -­‐40.1	   -­‐38.0	   -­‐39.0	   -­‐39.6	   -­‐
40.6	  
	  
	   S0-­‐S1	   S1-­‐S2	   S2-­‐S3	   S0-­‐S1	   S1-­‐S2	   S2-­‐S3	   S0-­‐S1	   S1-­‐S2	   S2-­‐S3	   S0-­‐S1	   S1-­‐S2	   S2-­‐S3	  
∆H+	   1	   0.7	   1	   1.3	   0.6	   1.1	   1	   0.9	   0.7	   1	   0.6	   1	  
Em	  to	  generate	  each	  S	  state	  in	  Volts.	  	  The	  	  Mn	  that	  is	  oxidized	  is	  designated	  (Fig	  2).	  The	  charge	  on	  key	  OEC	  
atoms	  and	  PSII	  residues	  in	  each	  S	  state.	  Standard	  calculations:	  no	  constraints	  on	  the	  protonation	  states	  or	  
chloride	  occupancy.	  Cl	  removed:	  simulation	  with	  all	  chlorides	  removed.	  H3370:	  H337	  fixed	  neutral.	  H337+:	  
H337	  fixed	  protonated.	  Tot:	  	  the	  total	  charge	  of	  PSII	  protein	  including	  the	  protons	  on	  all	  acidic	  and	  basic	  
residues	  throughout	  the	  protein	  and	  the	  OEC	  cluster.	  ∆H+:	  change	  in	  total	  protonation	  between	  the	  S	  states.	  
	  
The	  pattern	  for	  proton	  release.	  	  
	   As	  the	  OEC	  is	  oxidized,	  protons	  are	  lost	  from	  PSII.	  	  The	  experimental	  values,	  starting	  
from	   S0,	   are	   reported	   as	   1:0:1,	   indicating	   there	   is	   significantly	   less	   proton	   release	   to	   the	  
lumen	  at	  pH	  7	  on	  formation	  of	  S2	  than	  found	  for	  the	  other	  S-­‐state	  transitions.88,193	  Isotope-­‐
edited	   FTIR	   also	   suggest	   the	   Mn	   cluster	   accumulates	   a	   positive	   charge	   through	   this	  
transition,194,222	  while	  other	  Stark	  shift	  measurements	  and	  FTIR	  studies	  suggest	  a	  proton	  
may	  move	  into	  a	  cluster	  of	  water	  near	  the	  OEC.223	  An	  integer	  number	  of	  protons	  released	  
indicate	  large	  shifts	  in	  group	  pKa	  from	  well	  above	  the	  pH	  in	  one	  state	  to	  well	  below	  it	  in	  the	  
subsequent	  state.	  	  Smaller	  pKa	  shifts	  lead	  to	  fractional	  proton	  loss,	  as	  can	  proton	  binding	  by	  
more	  distal	  residues.	  The	  proton	  release	  pattern	  is	  pH	  dependent	  with	  partial	  proton	  loss	  
seen	  using	  measurements	  of	  flash-­‐induced	  absorption	  changes	  of	  pH-­‐indicating	  dyes.26	  The	  
calculated	  proton	  release	  pattern	  (starting	  with	  S0	  to	  S3)	  is	  1:0.7:1	  at	  pH	  6	  (Table	  1).	   	  The	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primary	   reason	   there	   is	   less	   proton	   release	   in	   the	   S1	   to	   S2	   transition	   is	   that	   a	   significant	  
fraction	  of	   the	  proton	   released	   from	  W1	   is	  bound	  by	  D61,	   in	  a	   shift	  of	   a	  proton	  within	  a	  
hydrogen	  bonded	  pair.	   	   Several	  modifications	  of	   the	   calculations	  were	  made	  and	   in	   each	  
case	  the	  proton	  release	  pattern	  was	  determined.	  	  	  
The	   first	   question	   is	   how	   important	   is	   D61	   to	   keeping	   the	   proton	   release	   on	  
formation	  of	  S2	  small.	  	  D61,	  which	  appears	  to	  be	  a	  proton	  acceptor	  in	  S2	  was	  fixed	  ionized.	  	  
If	  D61	   is	   fixed	   ionized,	  W1	  will	   not	   titrate	  due	   to	   the	   strong	   electrostatic	   repulsion	   from	  
D61..Now	   W2	   is	   deprotonated	   when	   Mn4	   is	   oxidized	   and	   the	   proton-­‐release	   pattern	  
becomes	  1:1:1	  as	  the	  proton	  is	  lost	  to	  the	  bulk	  rather	  than	  to	  D61.	  	  	  
In	   the	  S2	   to	  S3	   transition,	  Mn1	   is	  oxidized	  with	  a	   coupled	  deprotonation	  of	  H337+,	  
which	  is	  hydrogen	  bonded	  to	  O3,	  and	  partial	  deprotonation	  of	  D61.	  Redox	  titrations	  were	  
carried	  out	  with	  the	  His	  fixed	  in	  either	  its	  protonated	  or	  deprotonated	  form	  (Table	  1).	  The	  
pattern	  release	  with	  neutral	  H337	  is	  1:0.9:0.7.	  Fixing	  H337	  neutral	  raises	  the	  pKa	  of	  µ-­‐oxo	  
O4,	  which	   now	   remains	   partially	   protonated	   until	  Mn4	   is	   oxidized	   in	   S2,	   so	   there	   is	   less	  
proton	   loss	   from	  O4	   in	   the	   S1	   to	   S2	   transition.	   In	   the	   S2	   to	   S3	   transition	  with	  H337	   fixed	  
neutral,	  the	  proton	  loss	  is	  22%	  from	  D61	  and	  56%	  from	  E329.	  One	  problem	  with	  loss	  of	  a	  
proton	   on	   H337	   is	   the	   absence	   of	   a	   pathway	   for	   the	   proton	   to	   reach	   the	   lumen.	   	   If	   the	  
proton	  on	  H337	  is	  kinetically	  trapped	  and	  H337	  remains	  positively	  charged,	  only	  the	  S2-­‐S3	  
transition	   is	   affected.	   Now	   80%	   of	   the	   proton	   is	   lost	   from	   D61,	   with	   W1	   remaining	  
deprotonated.	  	  The	  pattern	  release	  is	  1:0.6:1.	  Thus,	  the	  smaller	  amount	  of	  proton	  release	  on	  
the	  formation	  of	  S2	  is	  independent	  of	  the	  protonation	  state	  of	  H337	  
The	   proton-­‐release	   pattern	   was	   examined	   in	   the	   absence	   of	   Cl-­‐.	   Chloride	   679	  
depletion	  (near	  D61)	  changes	  D2-­‐K317	  to	  be	  neutral.	  This	  results	  in	  only	  small	  changes	  in	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proton	   release	   or	   OEC	   Em	   compared	   with	   the	   Cl-­‐	   containing	   protein.	   	   	   However,	   the	  
depletion	  of	  Cl-­‐	  680	  (near	  H337)	  lowers	  the	  pKa	  of	  H337	  so	  it	  becomes	  deprotonated	  in	  the	  
S0	   to	   S1	   transition,	   increasing	   the	   proton-­‐release	   in	   this	   transition	   to	   1.3	  H+.	   In	   the	   S2-­‐S3	  
transition,	  80%	  of	  the	  proton	  is	  lost	  from	  D61.	  It	  is	  energetically,	  easier	  to	  deprotonate	  D61	  
in	   the	   chloride-­‐depleted	   PSII	   since	   there	   is	   no	   electrostatic	   repulsion	  with	   chloride.	   The	  
overall	  proton	  release	  pattern	  in	  the	  Cl-­‐	  depleted	  titration	  is	  1.3:0.6:1.1	  (Table	  1).	  	  .	  	  
The	  calculated	  Ems	  for	  the	  oxidation	  of	  the	  OEC.	  	  In	  addition	  to	  the	  order	  of	  oxidation	  
and	  deprotonation,	  the	  MC	  calculations	  provide	  the	  relative	  redox	  potential	  for	  each	  stage	  
of	  oxidation.	  	  Benchmark	  calculations	  with	  model	  complexes	  such	  as	  bpy	  allow	  the	  Eh	  scale	  
to	   be	   compared	   with	   the	   Standard	   Hydrogen	   Electrode.113	   The	   P680	   redox	   potential	   is	  
1.2V.194	  219	  Thus,	  the	  OEC	  Em	  should	  be	  lower	  than	  this	  to	  ensure	  that	  the	  OEC	  will	  reduce	  
P680+	   in	  each	  of	   the	  4	  S	  states.	   	  Based	  on	  the	  classical	  model	  calculations	  the	  S0-­‐S1	  change	  
has	  an	  Em	  of	  0.93V,	  which	  can	  oxidize	  P680+.	  The	  S1-­‐S2	  transition	  releases	  a	  proton	  from	  W1,	  
which	   is	   then	   bound	   by	   the	   nearby	   D61	   so	   there	   is	   an	   accumulation	   of	   positive	   charge.	  
Thus,	  the	  Em	  of	  1.3V	  of	  this	  transition	  is	  ~	  400mV	  higher	  that	  for	  the	  formation	  of	  S1.	  Given	  
an	  uncertainty	  of	  ±0.2	  V	  the	  calculated	  value	  is	  not	  unreasonable.113	  However,	  The	  Em	   for	  
the	  S2-­‐S3	  transition	  (oxidizing	  Mn1)	  is	  ≈1.6	  V,	  which	  is	  too	  high	  for	  Mn1	  to	  be	  oxidized	  by	  
P680+.	   However,	   the	   high	   Em	   is	   expected	   because	   Mn1	   has	   incomplete	   octahedral	  
coordination	  shell	  (E189,	  H332,	  D342,	  O1	  and	  O3).	  DFT	  analysis	  of	  this	  state	  proposes	  that	  
an	  extra	  OH-­‐	  is	  bound	  to	  Mn1	  in	  the	  S3	  state,	  which	  could	  substantially	  lower	  the	  electron	  
affinity	  of	  the	  site.191	  	  
The	  pH	  dependence	  of	   the	   S-­‐state	   cycle.	   Eh	   titration	  of	   the	  OEC	  was	  performed	  at	  
pH=4	  and	  pH=8	  to	  test	  the	  pH	  dependence	  of	  Mn	  redox	  potential.	  The	  Ems	  for	  the	  S1	  to	  S0	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and	  S2	  to	  S3	  transitions	  change	  by	  ≈0.50-­‐60	  mV/pH	  unit	   in	  this	  pH	  range,	  consistent	  with	  
one	  proton	  being	  lost	  per	  electron	  in	  these	  transitions.	   	  The	  S1	  to	  S2	  transition	  changes	  by	  
≈35-­‐40	  mV/pH	  unit	  reflecting	  the	  smaller	  proton	  loss	  for	  this	  transition.	  	  	  
	   	  
	  
	  
Figure	  4.3.	  Proposed	  S-­‐state	  cycle.	  Key	  atoms	  are	  shown	  as	  spheres	  with	  Mn(III)	  in	  purple,	  Mn(IV)	  
in	  blue	  and	  Ca	  in	  black.	  Water	  molecules	  are	  shown	  in	  yellow	  for	  protonated	  µ-­‐oxo	  or	  deprotonated	  
water,	  cyan	  for	  protonated	  water	  and	  red	  for	  a	  fully	  deprotonated	  µ-­‐oxo	  bridge.	  The	  S0	  state	  with	  
the	  lowest	  energy	  in	  the	  classical	  analysis	  is	  shown.	  	  	  
	  
4.6.	  Conclusions	  
	   The	  results	  reported	  here	  represent	  the	  first	  analysis	  of	  the	  OCE	  that	  is	  able	  to	  keep	  
the	  protonation	  states	  of	   the	  cluster	  and	  protein	   in	  equilibrium	  through	  the	  S	  state	  cycle.	  	  
This	  utilizes	  a	  novel	  technique	  for	  analysis	  of	  Mn	  clusters	  developed	  with	  oxo-­‐Manganese	  
clusters	   that	   are	  models	   of	   the	   OEC.113	   	   The	   proton	   affinity	   of	   the	   bridging	   oxygens	   and	  
terminal	  waters	  is	  directly	  compared	  with	  that	  of	  the	  protein	  amino	  acids	  and	  the	  Mn	  Ems	  
are	   obtained	   with	   reference	   to	   the	   standard	   hydrogen	   electrode.	   	   These	   Monte	   Carlo	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calculations	  that	  rely	  on	  optimizing	  the	  electrostatic	  energy	  of	  the	  system	  show	  remarkable	  
agreement	  with	  DFT	  and	  QM/MM	  assignments	  of	   the	  protonation	  and	  oxidation	  sites	   for	  
the	  OEC	  in	  the	  S1,	  S2	  and	  S3	  states.	  	  In	  the	  S0	  state	  the	  classical	  method	  finds	  the	  oxidation	  
state	  (III,III,IV,III)	  with	  O1	  protonated	  has	  the	  lowest	  energy,	  while	  DFT191	  and	  QM/MM198	  
calculations	  find	  it	  is	  (III,IV,III,III)	  with	  O4	  protonated.	  	  However,	  DFT	  analysis	  shows	  that	  
the	   isolated	  S0	   state	  has	   several	   low-­‐lying	  oxidation	  and	  protonation	   states	   including	   the	  
one	  suggested	  by	  the	  MCCE	  analysis.	  	  
The	   Ems	   for	   the	   S	   state	   transitions	   calculated	   here	   for	   the	   states	   up	   to	   S2	   are	  
remarkably	   reasonable	   given	   the	   simplicity	   of	   the	   simulation.	   	   S0	   is	   formed	   easily,	  
consistent	  with	  lower	  oxidation	  states	  not	  being	  seen	  in	  the	  resting	  enzyme.	  The	  Ems	  for	  S1	  
and	  S2	  are	  0.9	  and	  1.3	  V,	  indicating	  that	  the	  OEC	  can	  be	  oxidized	  by	  P680+	  but	  not	  easily.	  	  It	  
also	   shows	   that	   despite	   the	   proton	   loss	   coupled	   to	   reduction,	   the	   redox	   leveling	   is	   not	  
perfect.	   	   In	   particular	   the	   ability	   of	   the	   nearby	   D61	   to	   trap	   the	   proton	   lost	   from	   Mn3	  
terminal	  water	  raises	  the	  Em	  for	  formation	  of	  the	  S2	  state.	  	  The	  model	  provides	  an	  Em	  of	  1.7V	  
for	  oxidation	  of	  Mn1,	  which	  has	  only	  5	  ligands	  in	  the	  OEC	  model	  used	  here.	  P680+	  could	  not	  
drive	   this	   reaction.	   Thus,	   Mn1	   must	   complete	   its	   coordination	   shell	   by	   binding	   an	  
additional	   ligand	   to	   advance	   to	   the	   higher	   S	   states.	   Although	   the	   classical	  model	   cannot	  
make	   the	   structural	   changes	   within	   the	   Mn4O5Ca2+	   cluster,	   it	   will	   still	   predict	   how	   the	  
protein	  responds	  to	  the	  change	  in	  the	  total	  OEC	  charge	  distribution.	  	  
The	   results	   show	   the	   protein	   only	   modestly	   affects	   the	   OEC.	   	   The	   order	   of	   Mn	  
oxidation	  and	  bridging	  oxygen	  deprotonation	  is	  largely	  the	  same	  in	  the	  isolated	  cluster	  and	  
the	  cluster	   in	   the	  protein.	   	  There	  are	   large	  changes	   in	  cluster	  proton	  affinity	  expected	  on	  
each	  state	  of	  oxidation	  of	  an	  oxo-­‐manganese	  cluster,113,220	  so	  the	  protons	  lost	  moving	  from	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S-­‐1	   to	  S2	  come	  from	  the	  complex,	  with	  only	  small	  changes	   in	  the	  protonation	  states	  of	  the	  
surrounding	  protein.	  	  In	  the	  higher	  S	  states	  D61	  captures	  one	  of	  these	  protons	  and	  H337	  or	  
D61	   looses	   a	   proton	   in	   response	   to	   OEC	   oxidation	   forming	   S3.	   The	   smaller	   proton	   loss	  
formation	   of	   S2	   is	   explained	   by	   D61	   capturing	   the	   proton	   lost	   by	   the	   cluster.	   	  With	   the	  
increase	  in	  positive	  potential	  from	  the	  OEC,	  other	  residues	  contribute	  to	  proton	  loss	  by	  the	  
protein.	  	  The	  analysis	  of	  the	  OEC	  within	  PSII	  shows	  a	  relatively	  small	  contribution	  of	  distal,	  
Bohr	   protons	   from	   the	   protein	   in	   response	   to	   OEC	   oxidation.	   	   This	   is	   different	   from	   the	  
behavior	  of	  other	  systems	  such	  as	  cytochrome	  c	  oxidase224	  and	  bacterial	  reaction	  centers225	  
where	   the	   proteins	   show	   small,	   distributed	   changes	   in	   protonation	   states	   when	   the	  














	   79	  
Chapter 5 
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5.1 ABSTRACT 
  Chloride binding in photosystem II (PSII) is essential for photosynthetic water oxidation. 
However, the functional roles of chloride and possible binding sites, during oxygen evolution, 
remain controversial. This paper examines the functions of chloride based on its binding site 
revealed in the X-ray crystal structure of PSII at 1.9 Å resolution. We find that chloride depletion 
induces formation of a salt-bridge between D2-K317 and D1-D61 expected to suppress proton 
transfer to the lumen. 
 
5.2 Introduction 
Light-driven oxygen evolution in photosynthetic organisms is catalyzed by photosystem 
II (PSII), a ~350 kDa complex of 20 proteins embedded in the thylakoid membranes of green 
plant chloroplasts, or internal membranes of cyanobacteria.1 Dioxygen evolves from water 
oxidation catalyzed by the oxygen-evolving complex (OEC) of PSII, a Mn4CaO5 cluster 
embedded in protein subunit D1. This catalytic cluster is of great biological and technological 
interest since it is composed of inexpensive earth-abundant metals (e.g., Mn and Ca) and has an 
efficient turnover number as high as 50 dioxygen molecules per second for direct solar-driven 
water oxidation that is yet to be matched by artificial systems (Fig. 1).226 Recent breakthroughs 
in X-ray crystallography1 provide evidence of a cuboidal cluster MnCaMn3, similar to previous 
proposals,43,59,83 with a ‘dangling’ Mn bound to the CaMn3 cube, as well as information on the 
position of chloride cofactor ions.1,21 These breakthroughs open an opportunity for studies of 
structure/functions relations that might provide fundamental insight on the potential role of 
chloride in the reaction mechanism. Chloride concentration is regulated very effectively under a 
	   81	  
variety of conditions in chloroplasts227 and it is well known that chloride depletion suppresses O2 
evolution,136,228,229 although the specific roles played by chloride in the underlying catalytic 
process remains to be established at the molecular level.22,230 This paper addresses the potential 
influence of chloride binding on the structure of hydrogen bonds of amino acid residues in close 
contact with the OEC that might facilitate fundamental processes that are essential for oxygen 
   
 
Figure 5.1 Top left: Superposition of the cuboidal structure of the OEC revealed by the X-ray model of 
PSII at 1.9 Å resolution, as compared to previous S1 state model based on DFT-QM/MM methods. Top 
right: Waters modeled in the 1.9 Å structure (gray spheres) next to the Cl–, the OEC and residues D1-
D61 and D2-K317. Bottom: Ligation of the OEC, defined for MD and MCCE simulations, according to 
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evolution, including water gating and proton transfer to the lumen.  
The catalytic mechanism of O2 evolution by water oxidation in PSII is driven by solar 
light absorption. The absorbed photon energy is transferred to the reaction center where it is used 
to oxidize a chlorophyll a species called P680, forming the radical-pair state P680+●QA−● by 
reducing the protein-bound quinone cofactor, QA. The oxidizing power accumulated in the 
radical P680+● is used to oxidize YZ, which in turn oxidizes the OEC through a series of S states, 
with S0 and S4 the most reduced and oxidized states, respectively. The S4 state has enough 
oxidizing potential to oxidize water, regenerating the S0 state for the next catalytic turnover 
cycle. Experimental evidence shows that oxidation state transitions beyond the S2 state are 
suppressed upon chloride depletion, or competitive binding of acetate in place of chloride.77,231 
However, the specific functional/structural roles of chloride during the catalytic cycle have yet to 
be established. An early hypothesis of chloride ions bridging Mn atoms in the OEC core 232 was 
ruled out by X-ray absorption spectroscopy experiments233,234 in the early ‘90s, but the functional 
role of chloride remained obscure. Fundamental information on structural characterization of the 
PSII protein complex42 and the OEC43 was achieved with the beginning of the “solid structural 
era” of PSII.235 In spite of that, the characterization of chloride binding sites in PSII by X-ray 
crystallography has remained elusive until very recently.1,230,236 The absence of crystallographic 
information on chloride positions around the OEC, triggered a series of studies aimed to reveal 
the binding sites of chloride in the proximity of the OEC and its functional role in 
PSII.38,80,108,136,228,234,237-241 Some of the proposed binding sites involved ligation of chloride to 
manganese.38,108,136,228,237-239 Other models suggested association with amino acid residues in the 
Mn coordination shell,234,240 and its potential functional role in the regulation of the redox 
potentials of the MnCaMn3 cluster80 participation in hydrogen bond networks,81,83,241 and 
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activation of the substrate water.241 Recent X-ray crystallographic studies of bromide-substituted 
and iodine-substituted PSII revealed the presence of two binding sites for halide anions in the 
proximity of the OEC.242 This experimental evidence suggested that bromide (and by analogy 
chloride) can facilitate the access of substrate water to removal of protons from the OEC and 
supported the idea of a proton-relay network constituted by chloride and the close charged amino 
acid side chains.81 The position of chloride determined in the crystal structure of cyanobacterial 
photosystem II236 was found to match one of the two binding sites determined for bromide. In the 
most recent X-ray structural structure of T. vulcanus PSII at 1.9 Å resolution1 two chloride 
binding sites near the OEC were finally resolved. 
Here, we analyze the binding pocket where Cl– is located in proximity to the positively 
charged D2-K317 side chain (see Fig. 1).1,22,230 In particular, the most recent X-ray model 
revealed that the D1-D61 side chain occupies a critical position in between the MnCaMn3 cluster 
of OEC and this chloride-binding pocket. Therefore, we focus on the potential influence of 
chloride binding on the protonation state of D1-D61, which can be modified by hydrogen 
bonding and electrostatic interactions with nearby amino acid residues, including D2-K317 and 
D1-E333. These fundamental interactions might play important roles in water gating and proton 
transfer mechanisms since D1-D61 is the first residue leading from the OEC to the lumenal side 
of the membrane (see Figure 1b).43,176,243 
5.3 Results and discussions 
In this work, we analyze the effect of chloride binding on specific hydrogen bonding 
interactions by using Molecular Dynamics (MD)206 and Monte Carlo (MC) Multi-Conformer 
Continuum Electrostatics (MCCE)244,245 simulations (Fig. 2). We find evidence of significant 
changes in the interactions of the side chain of D1-D61 induced by chloride depletion (Fig. 2). 
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Specifically, MC and MD simulations predict that Cl– depletion induces formation of a salt-
bridge between the negatively charged carboxylate group of D1-D61 and the positively charged 
side chain of D2-K317 (Figure 2, left) As a consequence, Cl– depletion would stabilize an 
inactive configuration of charged amino acid side chains in the hydrogen-bonding network close 
to the MnCaMn3 cluster, where D1-D61 is unable to extract protons from the OEC. We 
observed that the formation of the D1-D61/D2-K317 salt-bridge is independent of the 
protonation state of the µ-oxo linking Mn(3) and Mn(4). The absence of Cl– could, thus, affect 
the deprotonation of the different S-states in the Kok cycle. 
  In contrast, in the presence of Cl–, the carboxylate group of the anionic D1-D61 moves 
and is often hydrogen bonded to a water ligand of the ‘dangling’ Mn as well as to a water moiety 
in contact with the (D2-K317)-NH3+/Cl– ion-pair (Figure 2, right). MD simulations show thermal 
fluctuations in the position of Cl–, correlated to fluctuations in the configurations of surrounding 
water moieties and side-chains of D2-K317 and D1-D61 (see Figure 2). MC analysis also shows 
multiple positions of the D61 side chain (see Figure S3). However, partial solvation screens the 
electrostatic interactions between the negatively charged carboxylate group of D1-D61 and the 
proximal (D2-K317)-NH3+/Cl– ion pair, preventing D1-D61 from displacing Cl– and interacting 
directly with D2-K317.  
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Both MCCE electrostatic analysis and MD simulations show that the protein could 
stabilize the protonated form of D1-D61. This is due to desolvation of D1-D61 by burial in the 
protein and its proximity to nearby anionic species, including the carboxylate group of D1-E333 
and the µ-oxo bridge linking Mn(3) and Mn(4). MD simulations show evidence of specific H-
bonding interactions for the neutral form of D1-D61 (Figure 5.4). Figure 5.4 (panel d) shows that 
	  
 
Figure 5.2. Superposition of instantaneous configurations along MD simulations of the OEC of PSII, 
including water molecules (W1* and W2*), Cl–, residues D1-D61 and D2-K317, and bound waters 
(triangles colored from red−blue for 0−24 ns). Salt-bridge formed between K317 and D61 (left, without 
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thermal fluctuations allow the hydroxyl group of D1-D61 to switch hydrogen bonds between 
these polar species in the ns timescale. The relative stability of these three types of hydrogen 
bonds is also manifested by their corresponding lifetimes. H-bonds with D1-E333 (h1), or with a 
water moiety H-bonded to the µ-oxo linking Mn(3) and Mn(4) (h3) are very stable, while the H-
bond with the µ-oxo bridge (h2) is observed only transiently (see Figure 5.4). These relative life-
times suggest that a protonated state of the µ-oxo bridge would be destabilized by thermal 
fluctuations of the carboxylate group of D1-D61, with proton transfer from the OEC to D1-D61 
leading to formation of h1 or h3. Therefore, different conformations, protonation states and 
hydrogen bonding of D1-D61 might be observed during the S-state cycle, supporting the idea 
that conformational changes of D1-D61 coupled with chloride might be an essential aspect of the 
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 MCCE analysis shows that a hydrogen bond can be made between the anionic D1-D61 
and terminal water bound to Mn(4) or between the protonated D1-D61 and a terminal hydroxide 
bound to Mn(4), supporting the notion that this could be a site for proton transfer. Interestingly, 
MD simulations of chloride-depleted PSII indicated that, in the presence of a neutral D1-D61, 
the positively charged D2-K317 is attracted to the negatively charged side chain, D1-D65, which 
is, however, too distant to form an alternative salt-bridge. This supports the idea that the main 
effect of Cl– depletion is to alter the functional role of D1-D61 as “molecular gate” for proton 
transfer from the OEC core to the lumen by allowing D1-D61 to form a stable (and catalytically 
	  
Figure 5.3 The selected conformers through the MC sampling. Conformer 1 (in 
red) and 2 (in orange) of D61 are almost equally occupied with 55% and 45% 
occupancy, respectively. The terminal water hydrogen bonded to the D61 is shown 
in sphere scheme and cyan color. The OEC amino acids ligands are shown in black 
and line scheme and chloride is shown in green. Conformer 1 has more favorable 
interactions with the positive potential created by the backbone and less 
desolvation and torsion penalty than conformer 2, which balances these energy 
terms by more favorable electrostatic interactions with the CP43-R357 and the 
H337. 
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inactive) salt-bridge with D2-K317. We propose that a primary role of Cl– as allosteric regulator 
of PSII is to stabilize a configuration of charged side chains close to the OEC that favors a 
flexible conformation of the basic center (D1-D61), assisting the proton abstraction mechanism 
from the OEC core. 
We considered the possibility of having the protonated form of D1-D61 hydrogen bonded 
to Cl–. However, MD simulations initialized by placing Cl– in between D2-K317 and D1-D61 
show fast diffusion of Cl– back into the chloride binding pocket found in the X-ray structure in < 
3 ns, at 6.7 Å from Mn(4). Here the backbone of D1-E333, polar side chain of N181 and two 
water molecules provide more favorable H-bonding interactions (see Figure S1b). 
In summary, MD and MC simulations of PSII both show evidence of specific electrostatic 
interactions between Cl– and essential amino acid residues in close contact with the OEC. We 
conclude that chloride depletion induces formation of a salt-bridge between D2-K317 and D1-
D61 that hinders proton transfer to the lumen, as previously proposed 205. 












Figure 5.4. Panel a-c: Representative configurations of hydrogen bonds between protonated D1-D61 
and polar moieties at 1 (red, a), 22 (gray, b) and 48 ns (blue, c), including interactions with D1-E333 
(h1), the m-oxo bridge linking Mn(3) and Mn(4) (h2), and a water moiety H-bonded to the m-oxo 
bridge (h3). X-ray crystal structure is shown in magenta. Panel d: H-bond distances for h1-h3, along a 
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5.4 Methodology  
 
Molecular dynamics (MD) simulations  
The computational structural models of PSII are based on the X-ray crystal model at 1.9 
Å resolution 1. A sphere containing all amino acid residues within 20 Å of the Mn4Ca cluster is 
extracted from the protein complex (see Figure S0). All crystal waters belonging to this portion 
of the protein complex were kept and 6 extra water molecules have been added for substituting 
(6 hydroxyl groups of) two glycerol molecules. Hydrogen atoms were added using AmberTools 
(version 1.4). In order to preserve the ligation scheme of the X-ray structural model of the 
Mn4Ca cluster, amino acid residue H332 has been protonated at the δ position and bound to the 
Mn cluster with its Nε.  
Molecular dynamics simulations of the above described computational models (~5600 
atoms) are based on the AMBER-ff99SB208 force field for protein residues and TIP3 model246 for 
explicit water molecules, as implemented in the NAMD2 software package 206. Only nonbonding 
interactions between atoms in the Mn4O5Ca cluster were included and harmonic constrains with 
force constants set to 5 kcal mol-1Å2 were applied to all the cluster atoms and to the atoms of the 
protinaceous and water ligands directly bound to the cluster. The atom partial charges for the 
OEC cluster were derived by using the our new QM/MM model described below.2 Amino acid 
alpha-C atoms lying between 15-20 Å from the Mn4Ca cluster have been harmonically 
constrained with force constants set to 5 kcal mol-1Å2 in order to avoid unfolding of protein 
secondary structures at the periphery of the sphere, defining the system boundary conditions. 
Terminal residues at the sphere periphery were capped using C- and N-terminus groups.  
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MD simulations succeed the following pre-equilibration procedure: hydrogen atoms and 
capping groups added to the crystal structure model are optimized, constraining the rest of the 
atoms at the crystal structure positions. The system was then slowly heated to 300 K, performing 
MD simulations (150 ps) at 100, 200 and 300 K using Langevin dynamics, with a damping 
coefficient of 0.1 ps-1. During this heating procedure different parts of the system were gradually 
unconstrained. Equilibration of the system at 300 K was then evaluated monitoring potential and 
kinetic energies of the system 
Electrostatics and van der Walls interactions were calculated using a switching distance of 
10 Å and a cutoff of 12 Å. A multiple time-stepping algorithm247 was used, where bonded and 
short-range nonbonded were evaluated at every time step while long-range electrostatic 
interactions were evaluated at every two time steps, using a timestep of integration set to 0.5 fs. 
Multi-Conformer Continuum Electrostatics (MCCE) method 
The Monte Carlo sampling for amino acid and terminal OEC water protonation states, 
rotamer positions and chloride binding sites was carried out at pH 7 using MCCE (Muli-







Figure 5.5. Computational structural model used for MD simulations. A spherical portion of 
the protein complex (right) extracted from the X-ray crystal model of PSII at 1.9 Å resolution 
(left). The sphere of 20 Å radius is centered at the Mn4O5Ca cluster (green, red and cyan 
spheres). 
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MD simulation. During minimization OEC, its ligands and other residues within 5 Å of OEC (in 
total 17 amino acids: chain A ASN87, GLN165, SER167, SER169, ASP170, VAL185, GLU189, 
GLU329, GLU333, ARG334, HIS337, ASP342, LEU343, ALA344; chain C GLU354, ARG357, 
LEU352) were harmonically constrained with the force constant of 100 kcal/mol.  In addition all 
protein backbone atoms were constrained with the same force constant. The AMBER-99 force 
field248 was used for protein and the GLYCAM-2000a force field8 was used for the head groups 
of galactolipids.  The force field for cofactors was based on the parameters described previously. 
The PMEMD program from AMBER package (version 10) was used to relax the structure. 
Relaxation utilized the generalized Born implicit solvent model with external dielectric constant 
of 80 and salt concentration 0.15 M. Steepest descent/conjugate gradient minimization was 
terminated when RMS gradient of energy became less than 0.1 kcal/mol-Å. 
The four manganese ions of the OEC were assigned the S1 valance charges (IV, III, IV, 
III) according to our new QM/MM model 2. All µ-oxo oxygens are deprotonated and there are 4 
terminal waters, with a bridging hydroxyl between Mn(4) and Mn(3). The amino acid ligands of 
the Mn4Ca cluster have the same ionization states as the MD simulations. All water molecules 
except those that are direct ligands to the OEC were removed and replaced with implicit water 
with a dielectric constant of 80. The protein has a dielectric constant of 4. Poisson-Boltzmann 
electrostatic interactions and the solvation energies were calculated using Delphi,157 while the 
Lennard–Jones and torsion energies were obtained from AMBER.248   
The IPECE5 subroutine was used to place the chloride in the pocket between D2-K317 
and D1-D61. Each conformer has a charge of -1 and a solvent accessible radius of 1.937 Å6.  
Each intra-protein Cl is paired with one in water with a solvation energy of -20.3 kcal/mol. Some 
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of this energy is lost when the Cl is buried in the proteins.  MCCE determines if this is replaced 
by sufficient favorable interactions with the protein for it to be bound in the simulation.  
QMMM model of the S1 state  
Both MD simulations and MCCE calculations are based on our new QMMM model, as 
described below.2 The QM/MM model was built using the coordinates from the new crystal 
structure at the resolution of 1.9 Å.1 All water molecules and chloride atoms within 15 Å 
distance as well as all amino-acid residues with the α-carbon within 15 Å distance from the OEC 
of chain A were included and hydrogen atoms were added where appropriate. The amino acid 
residues were protonated in accordance with physiological pH. The minimum QM layer that we 
considered includes the inorganic core of the OEC, the carboxylate groups and corresponding α-
carbons of the ligands D170, A344, E189, E354, E333, and D342, the imidazole rings of H332 
and H337, the guadinium group of R357 and several water molecules. The structure optimization 
was performed using the ONIOM (our own N-layered integrated molecular orbital plus 
molecular mechanics) method249 with the link-hydrogen atom scheme as implemented in sc 
Gaussian 09.165 Unrestricted density functional theory with the BP86170,250 or B3LYP168,251 
density functionals and the LACVP* basis set as implemented in the Jaguar 7.7  program were 
employed for the QM part. The initial-guess wavefunction for the QM part was generated with 
the Jaguar 7.7 program252 using the same density functional and basis set as in the QM/MM 
calculation. The MM part was calculated using the Amber force field.248 The α-carbons (except 
of the QM layer) were fixed during the optimization. Two tautomers of the OEC-D61 having 
protonated D61 hydrogen-bonded to a µ-oxo bridge of the OEC and a water ligand of Mn(4) or, 
alternatively, to a µ-hydroxo bridge and an hydrooxo ligand of Mn(4) have been found to be 
isoenergetic.  

















Figure S1The two isoenergetic tautomers of the OEC-D61 
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Summary 
 
 In the light dependent reaction in the photosynthesis process the oxygen-evolving 
complex (OEC) of photosystem II catalyzes the water splitting reaction. The OEC is a cubic 
cluster formed by four Mn, Ca2+ ion and five bridging oxygens. The cluster is coordinated by the 
D1 and CP43 subunits. However, more subunits are involved in the proton transfer reaction from 
the OEC to the lumen. 
 The OEC cycles in a four-step light induced catalytic reaction. In each step the P680 
absorbs light with a maximum at 680 nm, which initiates electron transfer to a nearby pheophytin 
then to quinone QA, moving charge across the membrane.  The OEC provides the electron to fill 
the hole on P680 through Yz in each catalytic step, accumulating four holes. The electron release 
from the OEC causes positive charge accumulations on the Mn ions, which is stabilized by 
coupled proton release from the µ-oxo-bridges, terminal waters or nearby amino acid residues. 
However, the mechanism of proton coupled electron transfer through the cycle is unclear. 
 The pKas of µ-oxo-bridges in the high valent di-Mn complexes are found to shift by more 
than 8 pH units upon Mn oxidation/reduction, independent on the nature of the organic ligands of 
the Mn or the solvent. Thus, the bridging oxygens are good candidates to release protons through 
the S-state cycle of the OEC. In addition, model systems show that terminal waters bound to Mn 
should also experience large pKa shifts when the Mn changes its oxidation state. However, the 
pKas of the terminal waters are higher than those of the µ-oxo especially in the high valent 
Mn(IV,IV) state. Thus, the terminal waters are expected to loose protons only in the more 
oxidized, higher S states in the Kok cycle while the µ-oxo is expected to loose the proton in the 
earlier S states. 
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 In summary through the S0 to S1 transition involves a proton release from a µ-oxo bridge. 
Based on the classical electrostatics model O(1) is protonated and Mn(3) is oxidized in S0 and 
O(1) losses the proton when Mn(2) is oxidized in S1. However, a DFT simulation showed that 
states with protonated O(4), O(1) or O(5) are close in energy with protonated  O(5) having the 
highest energy. In S1, all bridging oxygens are deprotonated and Mn(2) and Mn(3) are oxidized. 
Thus, in the S1 to S2 transition, the dangler Mn(4) is oxidized and the pKa of bound waters are 
lowered. However, the proton on W2 is moved to D61 while the barrier to move the proton from 
W1 to the adjacent Ca2+ bound water and form hydronium is high.  In the S2 to S3 transition, 
Mn(1) is oxidized and that is coupled to the deprotonation of H337+ and partial deprotonation of 
D61. If the proton on H337 is kinetically trapped, D61 will fully lose the proton. The chloride is 
an essential cofactor for the catalytic cycle, MD and MC simulations of PSII both show that 
chloride depletion induces formation of a salt-bridge between D2-K317 and D1-D61 that hinders 
proton transfer to the lumen, as previously proposed.205 
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Appendix A   
Computational study for water pKas in metal 




 The aqua metal complexes are a special case of coordination compounds, where the metal 
is the center atom with coordinated water molecules as ligands. As metals dissolve in water they 
often form [M(H2O)n]+m compounds with m=2 or 3 and octahedral coordinated water molecules 
in the first coordination shell. These metals work as Lewis acids that shift the pKa of an isolated 
water (15.7) to lower values.  The pKas depend first of all on the total charge of the complex. 
The behaviors of these simple complexes in aqueous solution illustrate important properties of 
the chemistry of each element, which is can be important for many applications in 
environmental, biological, and industrial chemistry. 
 Extensive experimental approaches have been introduced to study the chemistry of such 
complexes. NMR (nuclear magnetic resonance) has been used to obtain information on the 
number of water molecules in the first coordination shell. X-ray diffraction, EXAFS (extended x-
ray absorption fine structure), Infrared and Raman spectra have been used to measure the M-O 
(metal to oxygen) bond length. Potentiometric titrations are widely used to measure the pKa of 
the water ligands but in rare cases with very low pKas a spectrophotometric method is used. 
 Another important goal for studying the chemistry of water in metal complexes is to 
understand the structure/function of metalloenzymes that involves metal-water interactions. For 
example, the Photosystem II uses solar energy to split two water molecules into 4 protons, 4 
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oxygen-evolving center (OEC).  The OEC operates in four steps photo-induced catalytic cycle 
called the Sn-state cycle. In each step one of the Mn ion is oxidized, which significantly reduces 
the pKa of its water ligands and bridging oxygens. In the hope of understanding this complicated 
system, small oxo-manganese model complexes have been designed to investigate the role of 
water ligands in the proton coupled electron transfer reactions.135,253,254 
 The electrochemistry of the water-oxidation catalyst [Mn2(µ-O)2(terpy)2(H2O)2](NO3)3 
[terpy = 2,2’:6’,2’’-terpyridine] has been measured in aqueous solution. The terminal waters add 
to the pH dependence of the oxidation reaction. The pKas of the two terminal waters in the 
(IV,IV) state are 1.8 and >4. This model complex can help us understand the factors that 
determine the relative pKas of the bridging and terminal waters in the OEC. Also the pKa of the 
terminal water in the trinuclear MnIV [Mn3IV(µ-O)4(phen)4(H2O)2]4+ complex has measured in 
aqueous solution.118 
 Different computational approaches have been used to study the chemistry of the aqua 
metal complexes and the high valent multi-nuclear manganese complexes. DFT and ab-initio 
calculations have been employed to study the nature of the coordination shell, the M-O bond 
length and the pKa of the first coordination water ligands.  As DFT calculations are carried out in 
vacuum a correction for the solvent is generally added. Also the DFT has been used to calculate 
the pKas of the terminal waters in the Mn-terpy{Cady,	   2010	   #8400} complex but it was 
problematic treating the trinuclear Mn complex.149 
 Here we are presenting a Monte Carlo approach based on continuum electrostatic and 
starting from DFT optimized structures that calculated the shift in the pKa solution of water in 
the [M(H2O)6]m+ and in the high valence multi-nuclear Mn complexes. The classical electrostatic 
has been successful explaining the d-orbital splitting in the coordination chemistry in the ligand 
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field theory. The results obtained underpins that the electrostatic energy is the dominant term in 
the water-metal interaction in most of the complexes, while for few compounds the electrostatic 
picture is not enough to explain the chemistry of the metal ions. 
A.2. Results and Discussion: 
 A computational model based on classical electrostatics and Lennard Jones energies have 
been successful calculating the µ-oxo bridges pKa in different di-Mn complexes.113 The ability 
of this model to calculate the pKa of terminal waters in aqua metal complexes is now tested. The 
model calculates the pKa shift of the waters from the solution value (15.7) due to the electrostatic 
interactions with metals carrying formal charges with structures obtained from DFT 
minimization. In section 2.1 the model is tested against octahedral aqua metal complexes at 
different oxidation states of the metal atom. In the following section the pKas of the terminal 
waters in the trigonal Mn complex [Mn3IV(µ-O)4(phen)4(H2O)2]4+ is calculated and compared 
with the measured value. Based on the successful results, the model is then used to predict the 
behaviors of terminal waters at different redox states of the [Mn3(µ-O)4(phen)4(H2O)2]+n and 
[Mn3 IV (µ-O)4(terpy)2(H2O)2]+n. The relative proton affinity of the bridging oxygens and 
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Table A.1. The measured and calculated pKas and metal-oxygen bond length for octahedral aqua 
metal complexes. 
 pKam pKac (M-O)m (M-O)c  pKam pKac (M-O)m (M-
O)c 
[Mn(H2O)6]2+ 10.6 9.1 2.20 2.18 [Mn(H2O)6]3+ 0.7 1.1 1.99 1.98 
[Fe(H2O)6]2+ 9.5 8.9 2.11 2.11 [Fe(H2O)6]3+ 2.16 2.0 2.00 2.04 
[Cr(H2O)6]2+ ? 9.0 ? 2.10 [Cr(H2O)6]3+ 4.00 1.5 1.98 2.01 
[Co(H2O)6]2+ 9.65 8.8 2.09 2.10 [Co(H2O)6]3+ 1.8 1.4 1.87 2.01 
[Zn(H2O)6]2+ 8.96 8.3 2.09 2.09 [Zn(H2O)6]3+ ND    
[Ti(H2O)6]2+ ND    [Ti(H2O)6]3+ 2.20 2.7 2.03 2.09 
[V(H2O)6]2+ ND  2.12  [V(H2O)6]3+ 2.26 2.2 1.99 2.04 
[Ru(H2O)6]2+ ND  2.12  [Ru(H2O)6]3+ 2.40 2.3 2.03 2.06 
[Rh(H2O)6]2+ ND    [Rh(H2O)6]3+ 3.45 2.2 2.03 2.05 
[Mo(H2O)6]2+ ND    [Mo(H2O)6]3+ ND 3.0 2.09 2.13 
[Ir(H2O)6]2+ ND    [Ir(H2O)6]3+ 4.37 4.9 2.04 2.2 
[Al(H2O)6]2+ ND    [Al(H2O)6]3+ 4.97 0.9 1.88 1.94 
[Ga(H2O)6]2+ ND    [Ga(H2O)6]3+ 3.8 1.5 1.94 2.00 
[In(H2O)6]2+ ND    [In(H2O)6]3+ 3.0 3.2 2.11 2.14 
[Cd(H2O)6]2+ 10.08 10.0 2.3 2.27 [Cd(H2O)6]3+ ND    
[Ni(H2O)6]2+ 9.9 8.2 2.07 2.06 [Ni(H2O)6]3+ ND    
m measured. c calculated. All the measured values obtained from ref	  172. The maximum error of 4.07 pH 
units is reported in the [Al(H2O)6]3+ complex. Except for Al and Cr complexes the calculated pKas have 
an error <2.5 pH units. ND: not determined. 
 
 In the presented model the calculated pKa shift from the intrinsic value (15.7) is only 
caused by the electrostatic interactions. The classical electrostatics energy is proportional to Q/r. 
In other words if the pKa is calculated for two different aqua metal complexes with the same 
oxidation state, the obtained values will be different only because of the different M-O bond 
length obtained from DFT optimizations. Table 1 shows that the calculated pKas for all elements 
have an error range from 0.08 to 2.3 if we ignore Al and Cr. From the electrostatics prospective, 
the increase in bond length between the oxygen ligand and the metal center results in less 
favorable interaction between the positively charged metal and the negatively charged hydroxyl 
conformers. In other words, increases the pKa of the water ligands and vice versa, if the M-O 
bond length is shorter the pKa decreased (Figure A1.a). The maximum error of 4.07 is reported 
for Al where the bond length is the shortest among all the reported values and so it has a very 
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high pKa in the +3 redox state. The main conclusion here that the electrostatic interactions are the 
dominant term in the aqua metal interactions for the reported groups except for Al, Cr and Ga 
where the electrostatics picture is insufficient to explain the chemistry and so other terms arising 
from quantum mechanical interactions must play a more significant role. 
 The calculated vs. experimental pKas plot is shown in Figure A1b). The best-fit line has a 
slop of 0.91 and y intercept of -0.36 with R2 value of 0.88, which shows a reasonable correlation. 
The R2 value change to 0.97, if the three data point (Al, Cr and Ga) with the largest errors were 
removed. The plot shows two groups of data points with more than 3 pH units gap between 
them; 1) from 0 to 5 pH, which represents the aqua pKa of the [M(H2O)6]+3  complexes 2) from 8 
to 11 pH, which represent the aqua pKas of the [M(H2O)6]2+. 
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Figure A.1. a) Calculated vs. experimental pKas for aqua M complexes. The best-fit line has a 
slope of 0.91, y intercept of -0.36 and R2 of 0.88. The larges errors are reported for Al, Cr and 
Ga. b) The calculated bond length using DFT vs. the calculated pKas. The pKa is proportional to 
the bond length. 
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Appendix B  
 
Supplementary Information for Chapter 3  
Electrostatic Effects on Proton-Coupled Electron Transfer 
in Oxomanganese Complexes Inspired by the Oxygen-
Evolving Complex of Photosystem II 
 
The supporting information index: 
S1. Parameters for calculating electrostatic energies 
S2. Input structure 
S3. Empirical method for assigning the partial charge distribution on the µ-oxo bridges 
S4. Calculated vs. experimental  terminal water pKas complexes in complexes 1-4. 
S5.Table 1. Comparison of calculated and experimental pKas and Ems in complexes 5-8. 
     Table 2. Predicted pKas and Ems in complexes 5-8. 
     Table 3. Predicted pKas of complex 6 in ACN and water 
S6. The correlation between the atomic partial charges on the individual oxygen or nitrogen 
directly ligating the Mn ions and the Em and pKa shift in complexes 6-8. 
S7. The coupling between changes in Em and pH in coupled electron/proton transfer reactions.  
S8. The optimized structure and ESP (Electrostatic Potential) charges for all complexes 
S9. The references within Supplementary Information 
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(1) hexa-aqua Mn(II and III); 
(2) Mn(III) [5,10,15,20- tetrakis (2,6-dichloro-3-sulfonatophenyl) porphyrinato]3-;  
(3) [Mn(IV,IV)2(µ-O)2(terpy)2(H2O)2]4+ (terpy = 2,2’:6’,2’’-terpyridine);  
(4) [Mn(IV,IV,IV)3(µ-O)4(phen)4(H2O)2]4+ (phen = 1,10-phenanthroline);  
(5) [Mn(III,III, III,IV, and IV,IV)2(µ-O)2(bpy)4]2+ (bpy = 2,2'-bipyridyl);  
(6-8) [Mn(III,IV and IV,IV)2(µ-O)2(3,5-di(R)-salpn)2], (6) R=H, (7) R=Cl or (8) R=NO2   
(salpn = N,N′-bis(salicylidene)-1,3-propanediamine).  
Each porphyrinato and salpn unit has a charge of -2. The other ligands are neutral. 
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S1. Parameters for calculating electrostatic energies. The Poisson-Boltzmann solver DelPhi157 
is used to determine the electrostatic interactions between each pair of primitive objects in a 
microstate and the loss of solvation energy of each primitive object in the complex and isolated 
in water. DelPhi requires atomic coordinates, partial charges and radii.  S8a-S8h gives this 
information for each cluster in a single redox and protonation state with deprotonated bridging 
oxygens and terminal waters.  The net charge on each ligand is 0 for complexes 3-5 and -2 for 
complexes 2 and 6-8.    The ligand atomic partial charges and positions are the same for all states 
of a complex. Mn can have charges +2, +3 or +4.  The terminal hydroxyl group has a charge of 
-1.2 on the oxygen and 0.2 on the proton.  The bridging hydroxyl has a charge of -1.7 on the 
oxygen and 0.7 on the proton.   
The desolvation energy (∆∆Gsolv,i) that determines the destabilization of a charged group when 
it is moved out of a high dielectric medium is the difference between the solvation energy for the 
fragment in the complex and when it is isolated in the appropriate solvent (water or ACN).207,255 
In solving the Poisson-Boltzmann equation, the internal dielectric constant of the complex is 
set to 4.  This is chosen since the aim is to develop a method that can be used for clusters in 
proteins where the standard dielectric constant for cofactors is 4.212 The external, solution 
dielectric constant is 80 for water and 40 for ACN. The probe radius for water or ACN solvent is 
1.4 Å. The ion probe radius is 2.00 Å and the salt concentration is 0.15 mM. 
 
S2. Input structures Coordinates for complexes 3, 5 and 6 (Fig. 1) are obtained from the 
Cambridge Database (reference codes SAWYEU,158 FIQFIU159 and SOZMUP160, respectively). 
The structure of complex 4 is obtained from the published coordinates obtained by DFT.256 For 
analysis of complexes 7 and 8, the chlorine and the NO2 groups are added to the salpn ring of 
	   106	  
complex 6 at positions 3 and 5 using MacMolPlot.257 The structures are optimized with DFT 
using the B3LYP168-170 functional and LANL2DZ161 basis sets for Mn and 6-31G* for all other 
atoms.  
The terminal water pKas are calculated for complexes 1-4 with their geometry optimized 
in the Mn oxidation state in which the pKa is measured (Table 1 main text).  
The geometries of complexes 3-8 are optimized considering the antiferromagnetic 
coupling between the di-Mn ions and generating the broken symmetry solution for the 
wavefunction with JAGUAR164 or Gaussian09.165  
Optimization is carried out in both the Mn(IV,IV) and the Mn(III,IV) oxidation states. In 
the comparison of the structure dependence of the Ems and pKas the ligand geometry is modified 
but the same ligand partial charges, optimized in the symmetric Mn(IV,IV) state are used for all 
calculations.  
The protons on the bridging oxygen are placed in the plane of the [Mn(µ-O)2Mn] core, 
bisecting the Mn-O-Mn angle using GaussView.258 Protons are placed on terminal hydroxyo and 
waters within the MCCE program.152 In addition the protons positions from the DFT 
optimization were added. 
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S3. Empirical method for assigning the partial charge distribution on the µ-oxo bridges.  
To account for the charge transfer effect, atomic charges are adjusted to reproduce the 
experimental ∆pKa of 8.7 pH units between the Mn(III,III) and Mn(III,IV) states of 
[Mn2(bpy)4(µ-O)(µ-OH)].99  
The protonated µ-oxo-bridge has a charge of -1. The DFT charges for a hydroxyl group 
would place -1.2 on the oxygen and +0.2 on the hydrogen using the B3LYP/6-31G level of 
theory. This charge distribution does not provide good results in the classical valence model. For 
example, the difference in the pKa of the µ-hydroxo in the [Mn2(III,III)(bpy)4(µ-O)(µ-OH)]+3  
and [Mn2(III,IV)(bpy)4(µ-O)(µ-OH)]4+ complexes is calculated to be 16.5 pH units, while the 
experimental value is 8.7. The charge distribution on the bridging µ-hydroxo was optimized to 
match this pKa difference. The pKa difference decreases linearly as the negative partial charges 
on the oxygen increases. The experimental ∆pKa is recovered by a charge of -1.7 on oxygen and 
+0.7 on hydrogen and this charge distribution is used for all µ-hydroxo ligands. The 
correspondence between the experimental and calculated pKas improves from having a slope of 
0.81, y intercept of 0.72 and R2 of 0.88 with an µ-OH oxygen charge of -1.2 to a slope 1.02, y-
intercept of -68 mV and R2 of 0.9 when the oxygen charge is -1.7 (Figure 3a). 
A DFT analysis gives a pKa,sol for an isolated µ-OH- à µ-O2- of ≈78.  An enhanced 
MCCE analysis using the ESP charges derived from DFT analysis of an OH- in water gives a 
partial charge of -1.2 on the oxygen and +0.2 on the hydrogen, and bond dissociation energy of 
≈91.6 kcal/mol, leading to a pKa,sol of ≈67.  The optimal reference pKa,sol for µ-OH- is only 31.1 
pH units.  
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The question arises why a larger charge separation in the µ-hydroxo produces better 
results. The valence model used here requires integer charges on the assembled pieces. Thus, the 
µ-hydroxo bridging oxygens have a charge of -1 and the Mn charges are +3 or +4. However, as 
the oxygen looses its proton there will be increasing charge transfer to the Mn. As the interaction 
between the Mn and O2- or OH- is calculated here solely by classical electrostatics, the valence 
model has a much stronger stabilization of O2- relative to OH-. Since no charge transfer is 
allowed out of the Mn, the charges in the hydroxo state are increased to over stabilize the 
bridging hydroxyl by an amount that will balance the over stabilization of the O2- state in the 
valance model. Although the degree of charge transfer is expected to increase with the Mn redox 
state the same OH- charges are used in all complexes.  
 
 
Figure S3. The influence of the charge placed on the bridging oxygen on the calculated (a) 
difference in the pKas (∆pKa) for the µ-oxo oxygen in the Mn(III,III) and Mn(III,IV) states and 
(b) reference pKa,sol for the deprotonation of µ-OH- in water required to obtain the experimental 
µ-oxo pKa of 2.3 in the Mn(III,IV) state. In each calculation the charge on the hydrogen is 
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S4. Calculated vs. experimental  terminal water pKas complexes in complexes 1-4.  
The classical MCCE valance model is used to determine the pKa for the deprotonation of 
terminal waters in complexes 1-4 (Main text, Table 1). The reference pKa,H2O of a terminal water 
is 15.7 is used.  This is the pH where 50% of the water will be OH- given pKa,H2O = pKw + 
log[H2O], with Kw=[H+]259=10-14, and [H2O]=55.5 M. The enhanced MCCE method can capture 





Figure S4. ◆ Complex 1▴ Complex 2   Complex 3◼Complex 4. The best-fit line has a slope of 








S5. Table 1. Experimental vs. calculated values of redox potentials and pKas for complexes 
5-8 
	   pKas	   	   Ems	  
[Bpy]40(pKas	  	  in	  water;	  Ems	  in	  ACN)	  
	   EXP	   III-­‐IV	   IV-­‐IV	   	   EXP	   III-­‐IV	   IV-­‐IV	  
[Mn(III,III)(O)(OH)]3+	   11.0	   12.4	   11	   Mn(III,IV)→Mn(III,III)[(O)(OH)]	   1.10	   1.02	   1.58	  
[Mn(III,IV)(O)(OH)]4+	   	  2.3	   Mn(III,IV)→Mn(III,III)[(O)2]	   0.53	   	  	  0.37	   	  	  1.00	  
	   Mn(IV,IV)→Mn(III,IV)[(O)2]	   	  1.51	  
[Salpn]2-­‐2	  (pKas	  	  and	  Ems	  in	  ACN)	  
[Mn(III,IV)(O)(OH)]0	   24.5	   21.3	   23	   Mn(IV,IV)→Mn(III,IV)[(OH)(OCH3)]	   	  0.82	   0.69	   0.77	  
[Mn(IV,IV)(OH)2]2+	   	  6.5	   Mn(IV,IV)→Mn(III,IV)[(O)(OH)]	   	  	  0.42	   	  	  0.41	   	  	  0.46	  
[Mn(IV,IV)(O)(OH)]1+	   13.4	   12.0	   12.1	   Mn(IV,IV)→Mn(III,IV)[(O)2]	   -­‐0.24	   -­‐0.14	   -­‐0.19	  
[3,5-­‐di(Cl)salpn]2-­‐2	  (pKas	  	  and	  Ems	  in	  ACN)	  
[Mn(III,IV)(O)(OH)]0	   20.2	   21.1	   21.3	   Mn(IV,IV)→Mn(III,IV)[(O)(OH)]	   0.64	   0.67	   0.73	  
[Mn(IV,IV)(O)(OH)]1+	   10.8	   11.2	   10.1	   Mn(IV,IV)→Mn(III,IV)[(O)2]	   0	   0.09	   -­‐0.01	  
[3,5-­‐di(NO2)salpn]2-­‐2	  (pKas	  	  and	  Ems	  in	  ACN)	  
[Mn(III,IV)(O)(OH)]0	   13.3	   12.7	   15.5	   Mn(IV,IV)→Mn(III,IV)[(O)(OH)]	   1.10	   1.20	   1.29	  
[Mn(IV,IV)(O)(OH)]1+	   	  5.0	   	  2.1	   	  3.8	   Mn(IV,IV)→Mn(III,IV)[(O)2]	   0.51	   0.59	   0.54	  
EXP. Represents the measured values, III-IV: the calculated values based on the III-IV 
structures; IV-IV: the calculated values based on IV-IV structures. All Mn-bpy measured values 
were obtained from Ref.99,111 and Mn-salpn from Ref. 112 Entries with common value for 
calculated and measured are the reference values used to obtain the solution pKa and Em. All 
potentials reported vs. NHE.  
 
The reference Em,sol is 1.87 V for the Mn(IV,IV) structure and 1.30 for the Mn(III,IV) 
structures.  
The pKa,sol in water: 28 for the Mn(IV,IV) structures and 30.1 for the Mn(III,IV) structures.  
pKa,sol in ACN: 45 for Mn(IV,IV) structures and 47.5 Mn(III,IV) structures. 
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S5. Table 2. The predicted values of Ems and pKas for complexes 5-8 
 pKa	    Em	  
	  [Bpy]40(pKas	  	  in	  water;	  Ems	  in	  ACN)	  
 III-­‐IV	   IV-­‐IV	    III-­‐IV	   IV-­‐IV	  
[Mn(III,III)(OH)2]4+	   	  	  4.3	   	  	  6.1	   Mn(III,IV)→Mn(III,III)[(OH)2]	   1.65	   2.26	  
[Mn(III,IV)(OH)2]5+	   	  -­‐5.5	   	  -­‐3.6	   Mn(IV,IV)→Mn(III,IV)[(O)(OH)]	   2.08	   2.27	  
[Mn(IV,IV)(OH)2]6+	   -­‐14.5	   -­‐13.0	   Mn(IV,IV)→Mn(III,IV)[(OH)2]	   2.66	   2.88	  
[Mn(IV,IV)(O)(OH)]5+	   	  -­‐6.5	   	  -­‐7.4	   	     
[Salpn]2-­‐2	  (pKas	  	  and	  Ems	  in	  ACN)	  
[Mn(III,III)(O)(OH)]-­‐1	   32.0	   33.8	   Mn(III,IV)→Mn(III,III)[(O)2]	   -­‐1.20	   -­‐0.74	  
[Mn(III,III)(OH)2]0	   26.3	   28.2	   Mn(III,IV)→Mn(III,III)[(O)(OH)]	   -­‐0.58	   -­‐0.11	  
[Mn(III,IV)(OH)2]1+	   16.0	   17.3	   Mn(III,IV)→Mn(III,III)[(OH)2]	   	  0.02	   	  0.52	  
   Mn(IV,IV)→Mn(III,IV)[(OH)2]	   	  0.96	   	  1.09	  
[3,5-­‐di(Cl)salpn]2-­‐2	  (pKas	  	  and	  Ems	  in	  ACN)	  
[Mn(III,III)(O)(OH)]-­‐1	   31.9	   32.6	   Mn(III,IV)→Mn(III,III)[(O)2]	   -­‐1.00	   -­‐0.53	  
[Mn(III,III)(OH)2]0	   25.6	   26.8	   Mn(III,IV)→Mn(III,III)[(O)(OH)	   -­‐0.37	   	  0.12	  
[Mn(III,IV)(OH)2]1+	   14.4	   15.6	   Mn(III,IV)→Mn(III,III)[(OH)2]	   0.28	   0.78	  
[Mn(IV,IV)(OH)2]2+	   4.6	   4.3	   Mn(IV,IV)→Mn(III,IV)[(OH)2]	   1.14	   1.38	  
[3,5-­‐di(NO2)salpn]2-­‐2	  (pKas	  	  and	  Ems	  in	  ACN)	  
[Mn(III,III)(O)(OH)]-­‐1	   24.3	   28.5	   Mn(III,IV)→Mn(III,III)[(O)2]	   -­‐0.48	   0.03	  
[Mn(III,III)(OH)2]0	   18.6	   22.6	   Mn(III,IV)→Mn(III,III)[(O)(OH)]	   0.20	   0.71	  
[Mn(III,IV)(OH)2]1+	   6.2	   10.8	   Mn(III,IV)→Mn(III,III)[(OH)2]	   0.91	   1.39	  
[Mn(IV,IV)(OH)2]2+	   -­‐4.4	   -­‐1	   Mn(IV,IV)→Mn(III,IV)[(OH)2]	   1.82	   2.03	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S5. Table 3 Predicted pKas of complex 6 in ACN and water 
 ACN WATER 
[Mn(III,III)(OH)2]4+ 26.3 18.6 
[Mn(III,III)(O)(OH)]3+ 32.0 24.1 
[Mn(III,IV)(OH)2]5+ 16.0 9.3 
[Mn(III,IV)(O)(OH)]4+ 21.3 14.6 
[Mn(IV,IV)(OH)2]6+ 6.5 1.0 
[Mn(IV,IV)(O)(OH)]5+ 12.0 6.20 
The average µ-oxo pKa in water is 6.7±0.9 lower than in ACN.   
    The differences between the calculations in water and ACN: pKa,sol for 
the OH- fragment is 30.1 in water and 47.5 in ACN (S4, table 1).  The 
electrostatic interactions are calculated with solvent dielectric constants of 
80 for water and 40 for ACN.   
    The cluster dielectric constant is always 4.  The structures optimized in 
the Mn(III,IV) redox state are always used.   
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S6. The correlation between the atomic partial charges on the individual oxygen or 
nitrogen directly ligating the Mn ions and the Em and pKa shift in complexes 6-8. 
The DFT protocol for determining charges on the ligands allows the enhanced MCCE 
methods to be sensitive to the effects of substituent groups on the ligands.  The three salpn 
complexes 6–8, show significant polarization effects induced by the electron withdrawing groups 
on the salpn ligands (Main Text, Fig. 6).  These charge changes are responsible for the distinct 
calculated values of Ems and pKas of the three complexes. There are 6 pKas calculated for each 
complex (e.g. Main Text, Fig 6). Calculations reported in S5, Table 2 show that Cl substitution 
shifts the µ-O pKa by -0.9±0.7 pH units and the Em by +0.22±0.03 V, while NO2 substitution 
shifts the pKa by -9.1±1.3 pH units and the Em by +0.8±0.07 mV. 
 
Figure S6.a. The best-fit line has a slope of -0.9 V. ■ complex 6 ▲ complex 7 ● complex 8.  
Data from Table S5. Table 1-2. 
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S7. The coupling between changes in Em and pH in coupled electron/proton transfer 
reactions.  
The reaction described is along the diagonal in Fig 4 and 5.   
Em changes in 59 mV/pH unit for the one-proton coupled one-electron reduction:  
 












+ pH ! 59mV








+ pKa ! 59mV
 
since 
 !G = "nF(Em " Em
0 ) = !Gm " !Ga , where 





is the free energy change for the reduction, 
[MnIV(µ2-O)2MnIV] + e–    [MnIII(µ2-O)2MnIV] 
and 
!Ga = "RT ln
[MnIII (µ-O)2Mn
IV][H+]
[MnIII (µ-O)(µ-OH)MnIV]  
is the free energy change of the deprotonation, 
 [MnIII(µ-O)(µ-OH)MnIV]  [MnIII(µ-O)2MnIV] + H+ 
 
 





S8. The optimized structure and ESP (Electrostatic Potential) charges for all complexes 
(All the geometry optimizations were performed using JAGUAR6 and Gaussian 09165): 
 
S8.a) Optimized structure of complex 1 in the III state:  
    DelPhi       DelPhi 
     X Y Z Radius Charge 
ATOM 1 MN MNC 1 -0.974 -1.378 -1.855 2 3 
ATOM 2 O HOH 2 -2.242 -1.623 -3.56 1.62 -0.8 
ATOM 3 1H HOH 2 -2.796 -1.069 -4.114 1 0.4 
ATOM 4 2H HOH 2 -1.688 -2.177 -4.114 1 0.4 
ATOM 5 O HOH 3 0.09 -2.957 -2.385 1.62 -0.8 
ATOM 6 1H HOH 3 -0.464 -3.511 -2.939 1 0.4 
ATOM 7 2H HOH 3 0.644 -3.511 -1.831 1 0.4 
ATOM 8 O HOH 4 -2.039 0.2 -1.326 1.62 -0.8 
ATOM 9 1H HOH 4 -1.485 0.754 -0.772 1 0.4 
ATOM 10 2H HOH 4 -2.593 0.754 -1.88 1 0.4 
ATOM 11 O HOH 5 0.294 -1.134 -0.151 1.62 -0.8 
ATOM 12 1H HOH 5 0.848 -1.688 0.403 1 0.4 
ATOM 13 2H HOH 5 -0.26 -0.58 0.403 1 0.4 
ATOM 14 O HOH 6 -2.17 -2.54 -0.791 1.62 -0.8 
ATOM 15 1H HOH 6 -2.724 -3.094 -1.345 1 0.4 
ATOM 16 2H HOH 6 -2.724 -1.986 -0.237 1 0.4 
ATOM 17 O HOH 7 0.222 -0.216 -2.92 1.62 -0.8 
ATOM 18 1H HOH 7 0.776 0.338 -2.366 1 0.4 
ATOM 19 2H HOH 7 0.776 -0.77 -3.474 1 0.4 






S8.b) Optimized structure of complex 2 in the III state:  
        DelPhi DelPhi 
      X Y Z Radius Charge 
ATOM 1 C1 PYR 1 -0.359 4.259 0.236 1.7 -0.356 
ATOM 2 C2 PYR 1 0.967 4.166 -0.073 1.7 -0.286 
ATOM 3 C3 PYR 1 1.266 2.771 -0.216 1.7 -0.039 
ATOM 4 N1 PYR 1 0.135 2.019 -0.042 1.55 -0.094 
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ATOM 5 C4 PYR 1 -0.886 2.923 0.236 1.7 0.255 
ATOM 6 C5 PYR 1 2.573 2.256 -0.421 1.7 -0.092 
ATOM 7 C6 PYR 1 2.9 0.907 -0.303 1.7 0.094 
ATOM 8 C7 PYR 1 4.237 0.38 -0.329 1.7 -0.321 
ATOM 9 C8 PYR 1 4.148 -0.951 -0.043 1.7 -0.372 
ATOM 10 C9 PYR 1 2.753 -1.252 0.108 1.7 0.432 
ATOM 11 N2 PYR 1 2 -0.12 -0.043 1.55 -0.304 
ATOM 12 C10 PYR 1 2.24 -2.559 0.314 1.7 -0.517 
ATOM 13 C11 PYR 1 0.891 -2.89 0.193 1.7 0.233 
ATOM 14 C12 PYR 1 0.367 -4.227 0.197 1.7 -0.295 
ATOM 15 C13 PYR 1 -0.967 -4.135 -0.075 1.7 -0.394 
ATOM 16 C14 PYR 1 -1.273 -2.737 -0.19 1.7 0.22 
ATOM 17 N3 PYR 1 -0.139 -1.986 -0.04 1.55 -0.207 
ATOM 18 C15 PYR 1 -2.585 -2.216 -0.346 1.7 -0.365 
ATOM 19 C16 PYR 1 -2.909 -0.872 -0.178 1.7 0.218 
ATOM 20 C17 PYR 1 -4.245 -0.347 -0.152 1.7 -0.326 
ATOM 21 C18 PYR 1 -4.148 0.982 0.14 1.7 -0.348 
ATOM 22 C19 PYR 1 -2.749 1.285 0.244 1.7 0.307 
ATOM 23 N4 PYR 1 -2.001 0.152 0.068 1.55 -0.289 
ATOM 24 C20 PYR 1 -2.229 2.598 0.406 1.7 -0.455 
ATOM 25 C21 PYR 1 -5.619 -5.082 -1.364 1.7 -0.107 
ATOM 26 C22 PYR 1 -4.891 -4.459 -2.378 1.7 -0.056 
ATOM 27 C23 PYR 1 -3.926 -3.525 -2.024 1.7 -0.196 
ATOM 28 C24 PYR 1 -3.671 -3.185 -0.684 1.7 0.631 
ATOM 29 C25 PYR 1 -4.444 -3.821 0.303 1.7 -0.321 
ATOM 30 C26 PYR 1 -5.415 -4.764 -0.022 1.7 -0.043 
ATOM 31 C27 PYR 1 3.781 -4.482 -0.308 1.7 -0.139 
ATOM 32 C28 PYR 1 4.633 -5.527 0.04 1.7 -0.085 
ATOM 33 C29 PYR 1 4.913 -5.744 1.388 1.7 -0.088 
ATOM 34 C30 PYR 1 4.387 -4.921 2.383 1.7 -0.046 
ATOM 35 C31 PYR 1 3.541 -3.885 2.007 1.7 -0.288 
ATOM 36 C32 PYR 1 3.203 -3.647 0.664 1.7 0.561 
ATOM 37 C33 PYR 1 -5.155 5.604 1.334 1.7 -0.1 
ATOM 38 C34 PYR 1 -4.572 4.872 2.367 1.7 -0.028 
ATOM 39 C35 PYR 1 -3.61 3.92 2.046 1.7 -0.315 
ATOM 40 C36 PYR 1 -3.208 3.683 0.72 1.7 0.607 
ATOM 41 C37 PYR 1 -3.804 4.465 -0.286 1.7 -0.213 
ATOM 42 C38 PYR 1 -4.77 5.423 0.006 1.7 -0.043 
ATOM 43 C39 PYR 1 3.971 3.572 -2.054 1.7 -0.377 
ATOM 44 C40 PYR 1 3.676 3.218 -0.726 1.7 0.747 
ATOM 45 C41 PYR 1 4.483 3.769 0.286 1.7 -0.427 
ATOM 46 C42 PYR 1 5.558 4.602 -0.008 1.7 0.06 
ATOM 47 C43 PYR 1 5.837 4.892 -1.343 1.7 -0.156 
ATOM 48 C44 PYR 1 5.042 4.399 -2.376 1.7 0.015 
ATOM 49 S1 PYR 1 -6.743 -6.437 -1.795 1.8 0.754 
ATOM 50 O1 PYR 1 -7.782 -6.449 -0.705 1.52 -0.584 
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ATOM 51 O2 PYR 1 -5.882 -7.619 -1.881 1.52 -0.544 
ATOM 52 O3 PYR 1 -7.404 -6.006 -3.078 1.52 -0.581 
ATOM 53 S2 PYR 1 5.858 -7.214 1.872 1.8 0.753 
ATOM 54 O4 PYR 1 6.654 -6.79 3.079 1.52 -0.587 
ATOM 55 O5 PYR 1 6.812 -7.463 0.735 1.52 -0.578 
ATOM 56 O6 PYR 1 4.843 -8.245 2.102 1.52 -0.543 
ATOM 57 S3 PYR 1 -6.552 6.698 1.703 1.8 0.745 
ATOM 58 O7 PYR 1 -7.737 5.856 1.523 1.52 -0.539 
ATOM 59 O8 PYR 1 -6.413 7.855 0.748 1.52 -0.579 
ATOM 60 O9 PYR 1 -6.303 7.201 3.1 1.52 -0.578 
ATOM 61 S6 PYR 1 7.357 5.793 -1.748 1.8 0.744 
ATOM 62 O10 PYR 1 7.056 6.52 -3.033 1.52 -0.571 
ATOM 63 O11 PYR 1 8.391 4.758 -1.82 1.5 -0.557 
ATOM 64 O12 PYR 1 7.519 6.812 -0.651 1.5 -0.573 
ATOM 65 CL1 PYR 1 -4.169 -3.438 1.994 1.7 -0.109 
ATOM 66 CL2 PYR 1 -2.997 -2.75 -3.306 1.7 -0.111 
ATOM 67 CL3 PYR 1 -3.35 4.211 -1.963 1.7 -0.111 
ATOM 68 CL5 PYR 1 -2.882 2.987 3.347 1.7 -0.103 
ATOM 69 CL6 PYR 1 4.137 3.395 1.965 1.7 -0.102 
ATOM 70 CL7 PYR 1 2.978 2.933 -3.357 1.7 -0.051 
ATOM 71 CL8 PYR 1 3.425 -4.205 -2.003 1.7 -0.144 
ATOM 72 CL9 PYR 1 2.865 -2.854 3.269 1.7 -0.115 
ATOM 73 H1 PYR 1 5.266 4.649 -3.407 1.1 0.133 
ATOM 74 H2 PYR 1 6.176 5.013 0.783 1.1 0.117 
ATOM 75 H3 PYR 1 5.129 0.959 -0.518 1.1 0.144 
ATOM 76 H4 PYR 1 4.95 -1.67 0.034 1.1 0.15 
ATOM 77 H5 PYR 1 -4.95 1.698 0.25 1.1 0.16 
ATOM 78 H6 PYR 1 -5.141 -0.928 -0.312 1.1 0.138 
ATOM 79 H7 PYR 1 1.686 4.966 -0.171 1.1 0.137 
ATOM 80 H8 PYR 1 -0.937 5.151 0.426 1.1 0.145 
ATOM 81 H9 PYR 1 0.949 -5.123 0.359 1.1 0.15 
ATOM 82 H10 PYR 1 -1.683 -4.939 -0.164 1.1 0.171 
ATOM 83 H11 PYR 1 4.63 -5.095 3.426 1.1 0.133 
ATOM 84 H12 PYR 1 5.068 -6.167 -0.719 1.1 0.152 
ATOM 85 H13 PYR 1 -5.998 -5.254 0.75 1.1 0.138 
ATOM 86 H14 PYR 1 -5.073 -4.708 -3.418 1.1 0.148 
ATOM 87 H15 PYR 1 -4.873 5.039 3.394 1.1 0.132 
ATOM 88 H16 PYR 1 -5.227 6.009 -0.783 1.1 0.143 
ATOM 93 MN MNC 1 0 0.016 -0.016 2 3 
ATOM 95 O HOH 2 0.148 -0.001 2.143 1.52 -1.1 
ATOM 96 1H HOH 2 0.702 -0.555 2.697 1 0.55 
ATOM 97 2H HOH 2 -0.406 0.553 2.697 1 0.55 
ATOM 135 O HOH 3 -0.097 -0.065 -2.169 1.52 -1.1 
ATOM 136 1H HOH 3 -0.651 0.489 -2.723 1 0.55 
ATOM 137 2H HOH 3 0.457 -0.619 -2.723 1 0.55 
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S8.c) Optimized structure of complex 3 in the III-IV state: 
 
        DelPhi DelPhi 
     X Y Z Radius Charge 
ATOM 1 N1 TXY 1 0.791 0.086 2.735 1.55 -0.54 
ATOM 2 N2 TXY 1 -0.562 -2.083 2.11 1.55 -0.57 
ATOM 3 N3 TXY 1 0.122 -2.807 -0.326 1.55 -0.54 
ATOM 4 C1 TXY 1 1.666 1.078 2.985 1.7 0.05 
ATOM 5 H1 TXY 1 2.231 1.449 2.138 1.1 0.2 
ATOM 6 C2 TXY 1 1.847 1.588 4.271 1.7 -0.23 
ATOM 7 H2 TXY 1 2.576 2.369 4.449 1.1 0.2 
ATOM 8 C3 TXY 1 1.085 1.061 5.316 1.7 -0.15 
ATOM 9 H3 TXY 1 1.203 1.431 6.327 1.1 0.2 
ATOM 10 C4 TXY 1 0.18 0.029 5.051 1.7 -0.2 
ATOM 11 H4 TXY 1 -0.395 -0.403 5.859 1.1 0.2 
ATOM 12 C5 TXY 1 0.061 -0.455 3.747 1.7 0.26 
ATOM 13 C6 TXY 1 -0.758 -1.625 3.372 1.7 0.27 
ATOM 14 C7 TXY 1 -1.629 -2.299 4.23 1.7 -0.2 
ATOM 15 H7 TXY 1 -1.804 -1.941 5.235 1.1 0.2 
ATOM 16 C8 TXY 1 -2.27 -3.453 3.778 1.7 -0.15 
ATOM 17 H8 TXY 1 -2.956 -3.983 4.428 1.1 0.2 
ATOM 18 C9 TXY 1 -2.007 -3.939 2.496 1.7 -0.2 
ATOM 19 H9 TXY 1 -2.474 -4.853 2.156 1.1 0.2 
ATOM 20 C10 TXY 1 -1.129 -3.234 1.67 1.7 0.27 
ATOM 21 C11 TXY 1 -0.682 -3.681 0.335 1.7 0.26 
ATOM 22 C12 TXY 1 -0.964 -4.938 -0.203 1.7 -0.2 
ATOM 23 H12 TXY 1 -1.6 -5.637 0.323 1.1 0.2 
ATOM 24 C13 TXY 1 -0.383 -5.306 -1.419 1.7 -0.15 
ATOM 25 H13 TXY 1 -0.576 -6.287 -1.837 1.1 0.2 
ATOM 26 C14 TXY 1 0.464 -4.408 -2.073 1.7 -0.23 
ATOM 27 H14 TXY 1 0.95 -4.673 -3.003 1.1 0.2 
ATOM 28 C15 TXY 1 0.688 -3.157 -1.497 1.7 0.05 
ATOM 29 H15 TXY 1 1.334 -2.421 -1.96 1.1 0.2 
ATOM 30 N1 TXY 2 -0.628 0.06 -2.694 1.55 -0.54 
ATOM 31 N2 TXY 2 0.596 2.279 -2.305 1.55 -0.57 
ATOM 32 N3 TXY 2 0.021 2.771 0.144 1.55 -0.54 
ATOM 33 C1 TXY 2 -1.457 -0.996 -2.795 1.7 0.05 
ATOM 34 H1 TXY 2 -1.923 -1.33 -1.878 1.1 0.2 
ATOM 35 C2 TXY 2 -1.7 -1.606 -4.027 1.7 -0.23 
ATOM 36 H2 TXY 2 -2.387 -2.441 -4.086 1.1 0.2 
ATOM 37 C3 TXY 2 -1.058 -1.116 -5.165 1.7 -0.15 
ATOM 38 H3 TXY 2 -1.232 -1.567 -6.134 1.1 0.2 
ATOM 39 C4 TXY 2 -0.201 -0.015 -5.05 1.7 -0.2 
ATOM 40 H4 TXY 2 0.282 0.392 -5.929 1.1 0.2 
ATOM 41 C5 TXY 2 -0.008 0.572 -3.804 1.7 0.26 
ATOM 42 C6 TXY 2 0.765 1.803 -3.556 1.7 0.27 
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ATOM 43 C7 TXY 2 1.574 2.505 -4.451 1.7 -0.2 
ATOM 44 H7 TXY 2 1.734 2.15 -5.461 1.1 0.2 
ATOM 45 C8 TXY 2 2.185 3.687 -4.013 1.7 -0.15 
ATOM 46 H8 TXY 2 2.822 4.243 -4.691 1.1 0.2 
ATOM 47 C9 TXY 2 1.974 4.162 -2.713 1.7 -0.2 
ATOM 48 H9 TXY 2 2.441 5.082 -2.386 1.1 0.2 
ATOM 49 C10 TXY 2 1.154 3.422 -1.859 1.7 0.27 
ATOM 50 C11 TXY 2 0.755 3.747 -0.478 1.7 0.26 
ATOM 51 C12 TXY 2 0.996 4.958 0.162 1.7 -0.2 
ATOM 52 H12 TXY 2 1.57 5.733 -0.33 1.1 0.2 
ATOM 53 C13 TXY 2 0.456 5.183 1.433 1.7 -0.15 
ATOM 54 H13 TXY 2 0.621 6.131 1.931 1.1 0.2 
ATOM 55 C14 TXY 2 -0.311 4.186 2.038 1.7 -0.23 
ATOM 56 H14 TXY 2 -0.761 4.338 3.011 1.1 0.2 
ATOM 57 C15 TXY 2 -0.506 2.979 1.365 1.7 0.05 
ATOM 58 H15 TXY 2 -1.089 2.168 1.781 1.1 0.2 
ATOM 59 MN MNC 2 0.443 -0.817 0.779 2 3 
ATOM 62 MN MNC 3 -0.342 1.143 -0.946 2 4 
ATOM 79 O OXO 4 -1.115 0.11 0.227 1.52 -2 
ATOM 96 O OXO 5 1.132 0.314 -0.496 1.52 -2 
ATOM 106 O HOH 6 2.527 -1.418 1.123 1.52 -0.8 
ATOM 107 1H HOH 6 3.133 -0.812 1.729 1 0.4 
ATOM 108 2H HOH 6 3.133 -2.024 0.517 1 0.4 
ATOM 151 O HOH 7 -2.233 2.102 -1.3 1.52 -0.8 
ATOM 152 1H HOH 7 -2.839 1.496 -0.694 1 0.4 
ATOM 153 2H HOH 7 -2.839 2.708 -1.906 1 0.4 
 
S8.d) Optimized structure of complex 4 in the III-IV state: 
        DelPhi DelPhi 
     X Y Z Radius Charge 
ATOM 1 N1 PHN 1 3.693 3.388 4.56 1.55 -0.584 
ATOM 2 N2 PHN 1 6.31 3.082 5.046 1.55 -0.596 
ATOM 3 C1 PHN 1 2.387 3.606 4.327 1.7 0.382 
ATOM 4 C2 PHN 1 1.642 2.747 3.493 1.7 -0.405 
ATOM 5 C3 PHN 1 2.259 1.655 2.892 1.7 0.091 
ATOM 6 C4 PHN 1 3.644 1.417 3.11 1.7 -0.156 
ATOM 7 C5 PHN 1 4.381 0.323 2.531 1.7 -0.175 
ATOM 8 C6 PHN 1 5.72 0.164 2.782 1.7 -0.173 
ATOM 9 C7 PHN 1 6.431 1.084 3.631 1.7 -0.183 
ATOM 10 C8 PHN 1 7.817 0.99 3.929 1.7 0.102 
ATOM 11 C9 PHN 1 8.407 1.937 4.758 1.7 -0.434 
ATOM 12 C10 PHN 1 7.624 2.975 5.304 1.7 0.396 
ATOM 13 C11 PHN 1 5.717 2.16 4.218 1.7 0.441 
ATOM 14 C12 PHN 1 4.329 2.325 3.958 1.7 0.41 
ATOM 15 1HA PHN 1 1.944 4.469 4.804 1.1 0.048 
ATOM 16 2HA PHN 1 0.588 2.948 3.332 1.1 0.167 
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ATOM 17 3HA PHN 1 1.69 0.981 2.257 1.1 0.096 
ATOM 18 4HA PHN 1 3.853 -0.38 1.89 1.1 0.146 
ATOM 19 5HA PHN 1 6.268 -0.666 2.341 1.1 0.136 
ATOM 20 6HA PHN 1 8.409 0.181 3.508 1.1 0.082 
ATOM 21 7HA PHN 1 9.465 1.888 4.997 1.1 0.166 
ATOM 22 8HA PHN 1 8.066 3.722 5.952 1.1 0.044 
ATOM 23 N1 PHN 2 4.625 3.113 7.322 1.55 -0.584 
ATOM 24 N2 PHN 2 6.288 5.19 7.078 1.55 -0.596 
ATOM 25 C1 PHN 2 3.757 2.09 7.418 1.7 0.382 
ATOM 26 C2 PHN 2 3.726 1.244 8.54 1.7 -0.405 
ATOM 27 C3 PHN 2 4.606 1.458 9.586 1.7 0.091 
ATOM 28 C4 PHN 2 5.522 2.536 9.521 1.7 -0.156 
ATOM 29 C5 PHN 2 6.472 2.851 10.553 1.7 -0.175 
ATOM 30 C6 PHN 2 7.321 3.914 10.43 1.7 -0.173 
ATOM 31 C7 PHN 2 7.292 4.752 9.262 1.7 -0.183 
ATOM 32 C8 PHN 2 8.135 5.873 9.064 1.7 0.102 
ATOM 33 C9 PHN 2 8.028 6.619 7.903 1.7 -0.434 
ATOM 34 C10 PHN 2 7.092 6.258 6.919 1.7 0.396 
ATOM 35 C11 PHN 2 6.372 4.446 8.235 1.7 0.441 
ATOM 36 C12 PHN 2 5.491 3.342 8.363 1.7 0.41 
ATOM 37 1HA PHN 2 3.08 1.941 6.59 1.1 0.048 
ATOM 38 2HA PHN 2 3.011 0.431 8.567 1.1 0.167 
ATOM 39 3HA PHN 2 4.6 0.81 10.455 1.1 0.096 
ATOM 40 4HA PHN 2 6.502 2.223 11.436 1.1 0.146 
ATOM 41 5HA PHN 2 8.036 4.141 11.212 1.1 0.136 
ATOM 42 6HA PHN 2 8.861 6.137 9.826 1.1 0.082 
ATOM 43 7HA PHN 2 8.662 7.48 7.733 1.1 0.166 
ATOM 44 8HA PHN 2 6.978 6.821 6.005 1.1 0.044 
ATOM 45 N1 PHN 3 3.143 7.836 8.064 1.55 -0.584 
ATOM 46 N2 PHN 3 1.998 8.968 5.958 1.55 -0.596 
ATOM 47 C1 PHN 3 3.728 7.216 9.102 1.7 0.382 
ATOM 48 C2 PHN 3 3.751 7.793 10.38 1.7 -0.405 
ATOM 49 C3 PHN 3 3.162 9.028 10.59 1.7 0.091 
ATOM 50 C4 PHN 3 2.533 9.7 9.52 1.7 -0.156 
ATOM 51 C5 PHN 3 1.862 10.966 9.631 1.7 -0.175 
ATOM 52 C6 PHN 3 1.239 11.531 8.555 1.7 -0.173 
ATOM 53 C7 PHN 3 1.245 10.885 7.271 1.7 -0.183 
ATOM 54 C8 PHN 3 0.593 11.379 6.115 1.7 0.102 
ATOM 55 C9 PHN 3 0.654 10.666 4.928 1.7 -0.434 
ATOM 56 C10 PHN 3 1.376 9.461 4.871 1.7 0.396 
ATOM 57 C11 PHN 3 1.929 9.658 7.143 1.7 0.441 
ATOM 58 C12 PHN 3 2.556 9.061 8.264 1.7 0.41 
ATOM 59 1HA PHN 3 4.167 6.251 8.892 1.1 0.048 
ATOM 60 2HA PHN 3 4.225 7.259 11.196 1.1 0.167 
ATOM 61 3HA PHN 3 3.168 9.482 11.578 1.1 0.096 
ATOM 62 4HA PHN 3 1.846 11.459 10.596 1.1 0.146 
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ATOM 63 5HA PHN 3 0.72 12.478 8.657 1.1 0.136 
ATOM 64 6HA PHN 3 0.039 12.31 6.171 1.1 0.082 
ATOM 65 7HA PHN 3 0.148 11.02 4.039 1.1 0.166 
ATOM 66 8HA PHN 3 1.465 8.877 3.964 1.1 0.044 
ATOM 67 N1 PHN 4 4.534 9.158 3.224 1.55 -0.584 
ATOM 68 N2 PHN 4 4.667 6.825 1.972 1.55 -0.596 
ATOM 69 C1 PHN 4 4.542 10.319 3.906 1.7 0.382 
ATOM 70 C2 PHN 4 4.406 11.552 3.247 1.7 -0.405 
ATOM 71 C3 PHN 4 4.239 11.587 1.872 1.7 0.091 
ATOM 72 C4 PHN 4 4.223 10.379 1.131 1.7 -0.156 
ATOM 73 C5 PHN 4 4.074 10.295 -0.297 1.7 -0.175 
ATOM 74 C6 PHN 4 4.114 9.09 -0.938 1.7 -0.173 
ATOM 75 C7 PHN 4 4.316 7.867 -0.209 1.7 -0.183 
ATOM 76 C8 PHN 4 4.415 6.587 -0.802 1.7 0.102 
ATOM 77 C9 PHN 4 4.641 5.474 -0.008 1.7 -0.434 
ATOM 78 C10 PHN 4 4.762 5.621 1.383 1.7 0.396 
ATOM 79 C11 PHN 4 4.446 7.934 1.192 1.7 0.441 
ATOM 80 C12 PHN 4 4.388 9.182 1.859 1.7 0.41 
ATOM 81 1HA PHN 4 4.659 10.24 4.979 1.1 0.048 
ATOM 82 2HA PHN 4 4.438 12.466 3.827 1.1 0.167 
ATOM 83 3HA PHN 4 4.131 12.534 1.354 1.1 0.096 
ATOM 84 4HA PHN 4 3.938 11.211 -0.86 1.1 0.146 
ATOM 85 5HA PHN 4 4.008 9.036 -2.015 1.1 0.136 
ATOM 86 6HA PHN 4 4.323 6.487 -1.878 1.1 0.082 
ATOM 87 7HA PHN 4 4.732 4.489 -0.448 1.1 0.166 
ATOM 88 8HA PHN 4 4.944 4.785 2.044 1.1 0.044 
ATOM 89 MN MNC 5 4.907 4.518 5.76 2 3 
ATOM 126 MN MNC 8 3.08 7.204 6.081 2 4 
ATOM 209 MN MNC 2 4.744 7.248 4 2 4 
ATOM 107 O OXO 6 5.36 5.606 4.44 1.52 -2 
ATOM 124 O OXO 7 3.629 5.505 6.484 1.52 -2 
ATOM 143 O OXO 9 4.662 7.885 5.699 1.52 -2 
ATOM 160 O OXO 0 3.026 6.955 4.287 1.52 -2 
ATOM 173 O HOH 1 1.14 6.331 6.41 1.52 -0.8 
ATOM 174 1H HOH 1 0.586 5.777 6.964 1 0.4 
ATOM 175 2H HOH 1 0.586 6.885 5.856 1 0.4 
ATOM 237 O HOH 3 6.858 7.686 3.809 1.52 -0.8 
ATOM 238 1H HOH 3 7.412 8.24 3.255 1 0.4 
ATOM 239 2H HOH 3 7.412 7.132 4.363 1 0.4 
 
 
S8.e) Optimized structure of complex 5 in the III-IV state: 
        DelPhi DelPhi 
     X Y Z Radius Charge 
ATOM 1 N1 BXY 1 2.822 -1.465 -0.74 1.55 -0.728 
ATOM 2 N2 BXY 1 1.85 0.577 -2.17 1.55 -0.296 
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ATOM 3 C0 BXY 1 3.365 -1.271 -1.972 1.7 0.568 
ATOM 4 C1 BXY 1 4.319 -2.156 -2.486 1.7 -0.579 
ATOM 5 H1 BXY 1 4.746 -1.997 -3.468 1.1 0.161 
ATOM 6 C2 BXY 1 4.716 -3.261 -1.735 1.7 0.147 
ATOM 7 H2 BXY 1 5.456 -3.951 -2.128 1.1 0.067 
ATOM 8 C3 BXY 1 4.139 -3.465 -0.485 1.7 -0.381 
ATOM 9 H3 BXY 1 4.404 -4.317 0.132 1.1 0.134 
ATOM 10 C4 BXY 1 3.2 -2.544 -0.03 1.7 0.201 
ATOM 11 H4 BXY 1 2.731 -2.67 0.936 1.1 0.031 
ATOM 12 C5 BXY 1 2.866 -0.104 -2.742 1.7 0.67 
ATOM 13 C6 BXY 1 3.384 0.28 -3.986 1.7 -0.683 
ATOM 14 H6 BXY 1 4.211 -0.253 -4.439 1.1 0.203 
ATOM 15 C7 BXY 1 2.831 1.378 -4.645 1.7 0.334 
ATOM 16 H7 BXY 1 3.227 1.691 -5.606 1.1 0.038 
ATOM 17 C8 BXY 1 1.772 2.067 -4.052 1.7 -0.602 
ATOM 18 H8 BXY 1 1.318 2.927 -4.532 1.1 0.17 
ATOM 19 C9 BXY 1 1.316 1.631 -2.81 1.7 0.554 
ATOM 20 H9 BXY 1 0.509 2.135 -2.286 1.1 -0.007 
ATOM 21 N1 BXY 2 1.873 -0.609 2.148 1.55 -0.728 
ATOM 22 N2 BXY 2 2.873 1.408 0.7 1.55 -0.296 
ATOM 23 C0 BXY 2 2.918 0.045 2.701 1.7 0.568 
ATOM 24 C1 BXY 2 3.447 -0.353 3.935 1.7 -0.579 
ATOM 25 H1 BXY 2 4.296 0.158 4.373 1.1 0.161 
ATOM 26 C2 BXY 2 2.879 -1.436 4.604 1.7 0.147 
ATOM 27 H2 BXY 2 3.284 -1.76 5.558 1.1 0.067 
ATOM 28 C3 BXY 2 1.791 -2.097 4.03 1.7 -0.381 
ATOM 29 H3 BXY 2 1.324 -2.946 4.518 1.1 0.134 
ATOM 30 C4 BXY 2 1.324 -1.649 2.797 1.7 0.201 
ATOM 31 H4 BXY 2 0.495 -2.131 2.288 1.1 0.031 
ATOM 32 C5 BXY 2 3.433 1.199 1.923 1.7 0.67 
ATOM 33 C6 BXY 2 4.418 2.059 2.418 1.7 -0.683 
ATOM 34 H6 BXY 2 4.859 1.888 3.393 1.1 0.203 
ATOM 35 C7 BXY 2 4.831 3.154 1.661 1.7 0.334 
ATOM 36 H7 BXY 2 5.595 3.824 2.04 1.1 0.038 
ATOM 37 C8 BXY 2 4.236 3.373 0.421 1.7 -0.602 
ATOM 38 H8 BXY 2 4.512 4.218 -0.2 1.1 0.17 
ATOM 39 C9 BXY 2 3.266 2.476 -0.016 1.7 0.554 
ATOM 40 H9 BXY 2 2.783 2.615 -0.974 1.1 -0.007 
ATOM 41 N1 BXY 3 -1.665 -0.136 -1.991 1.55 -0.728 
ATOM 42 N2 BXY 3 -2.876 1.516 -0.333 1.55 -0.296 
ATOM 43 C0 BXY 3 -2.579 0.696 -2.559 1.7 0.568 
ATOM 44 C1 BXY 3 -2.874 0.599 -3.922 1.7 -0.579 
ATOM 45 H1 BXY 3 -3.608 1.254 -4.374 1.1 0.161 
ATOM 46 C2 BXY 3 -2.231 -0.364 -4.699 1.7 0.147 
ATOM 47 H2 BXY 3 -2.462 -0.452 -5.756 1.1 0.067 
ATOM 48 C3 BXY 3 -1.301 -1.214 -4.099 1.7 -0.381 
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ATOM 49 H3 BXY 3 -0.789 -1.984 -4.665 1.1 0.134 
ATOM 50 C4 BXY 3 -1.042 -1.067 -2.74 1.7 0.201 
ATOM 51 H4 BXY 3 -0.34 -1.697 -2.208 1.1 0.031 
ATOM 52 C5 BXY 3 -3.227 1.651 -1.639 1.7 0.67 
ATOM 53 C6 BXY 3 -4.136 2.627 -2.05 1.7 -0.683 
ATOM 54 H6 BXY 3 -4.406 2.729 -3.094 1.1 0.203 
ATOM 55 C7 BXY 3 -4.699 3.482 -1.103 1.7 0.334 
ATOM 56 H7 BXY 3 -5.408 4.245 -1.408 1.1 0.038 
ATOM 57 C8 BXY 3 -4.332 3.341 0.233 1.7 -0.602 
ATOM 58 H8 BXY 3 -4.74 3.985 1.005 1.1 0.17 
ATOM 59 C9 BXY 3 -3.416 2.347 0.573 1.7 0.554 
ATOM 60 H9 BXY 3 -3.103 2.215 1.6 1.1 -0.007 
ATOM 61 N1 BXY 4 -1.623 0.198 2.032 1.55 -0.728 
ATOM 62 N2 BXY 4 -2.909 -1.419 0.397 1.55 -0.296 
ATOM 63 C0 BXY 4 -2.55 -0.608 2.617 1.7 0.568 
ATOM 64 C1 BXY 4 -2.816 -0.503 3.985 1.7 -0.579 
ATOM 65 H1 BXY 4 -3.559 -1.139 4.45 1.1 0.161 
ATOM 66 C2 BXY 4 -2.133 0.441 4.75 1.7 0.147 
ATOM 67 H2 BXY 4 -2.342 0.535 5.811 1.1 0.067 
ATOM 68 C3 BXY 4 -1.192 1.266 4.132 1.7 -0.381 
ATOM 69 H3 BXY 4 -0.649 2.022 4.689 1.1 0.134 
ATOM 70 C4 BXY 4 -0.962 1.112 2.769 1.7 0.201 
ATOM 71 H4 BXY 4 -0.254 1.724 2.224 1.1 0.031 
ATOM 72 C5 BXY 4 -3.239 -1.545 1.709 1.7 0.67 
ATOM 73 C6 BXY 4 -4.168 -2.496 2.137 1.7 -0.683 
ATOM 74 H6 BXY 4 -4.421 -2.591 3.186 1.1 0.203 
ATOM 75 C7 BXY 4 -4.77 -3.336 1.2 1.7 0.334 
ATOM 76 H7 BXY 4 -5.494 -4.079 1.519 1.1 0.038 
ATOM 77 C8 BXY 4 -4.424 -3.204 -0.142 1.7 -0.602 
ATOM 78 H8 BXY 4 -4.863 -3.837 -0.906 1.1 0.17 
ATOM 79 C9 BXY 4 -3.488 -2.235 -0.499 1.7 0.554 
ATOM 80 H9 BXY 4 -3.191 -2.111 -1.532 1.1 -0.007 
ATOM 81 MN MNC 5 1.364 -0.009 -0.007 2 3 
ATOM 84 MN MNC 6 -1.372 0.028 0.018 2 4 
ATOM 101 O OXO 7 -0.095 -1.175 -0.008 1.52 -2 
ATOM 118 O OXO 8 -0.062 1.196 0.021 1.52 -2 
 
S8.f) Optimized structure of complex 6 in the III-IV state:  
        DelPhi DelPhi 
     X Y Z Radius Charge 
ATOM 1 O1 SLP 1 -2.69 2.421 7.071 1.52 -0.633 
ATOM 2 O3 SLP 1 -1.397 0.247 6.211 1.52 -0.733 
ATOM 3 N1 SLP 1 -1.53 2.305 9.582 1.55 -0.859 
ATOM 4 N2 SLP 1 0.169 2.366 7.362 1.55 -0.704 
ATOM 5 C1 SLP 1 -3.713 2.957 7.669 1.7 0.104 
ATOM 6 C2 SLP 1 -4.846 3.37 6.903 1.7 -0.063 
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ATOM 7 C3 SLP 1 -5.949 3.956 7.501 1.7 -0.194 
ATOM 8 C4 SLP 1 -5.984 4.19 8.895 1.7 -0.089 
ATOM 9 C5 SLP 1 -4.885 3.831 9.658 1.7 -0.025 
ATOM 10 C6 SLP 1 -3.748 3.216 9.084 1.7 -0.437 
ATOM 11 C7 SLP 1 -2.598 2.976 9.905 1.7 0.369 
ATOM 12 C8 SLP 1 -0.368 2.288 10.496 1.7 0.522 
ATOM 13 C9 SLP 1 0.954 2.499 9.722 1.7 -0.492 
ATOM 14 C10 SLP 1 0.763 3.244 8.392 1.7 0.785 
ATOM 15 C11 SLP 1 0.673 2.377 6.166 1.7 0.381 
ATOM 16 C12 SLP 1 0.246 1.603 5.035 1.7 -0.376 
ATOM 17 C13 SLP 1 0.878 1.853 3.792 1.7 -0.09 
ATOM 18 C14 SLP 1 0.542 1.162 2.64 1.7 -0.29 
ATOM 19 C15 SLP 1 -0.461 0.171 2.717 1.7 -0.037 
ATOM 20 C16 SLP 1 -1.094 -0.107 3.916 1.7 -0.462 
ATOM 21 C17 SLP 1 -0.768 0.59 5.121 1.7 0.75 
ATOM 22 H1 SLP 1 -4.81 3.187 5.834 1.1 0.149 
ATOM 23 H2 SLP 1 -6.803 4.239 6.888 1.1 0.128 
ATOM 24 H3 SLP 1 -6.856 4.647 9.354 1.1 0.096 
ATOM 25 H4 SLP 1 -4.884 4.015 10.731 1.1 0.086 
ATOM 26 H5 SLP 1 -2.613 3.45 10.893 1.1 0.046 
ATOM 27 H6 SLP 1 -0.372 1.324 11.009 1.1 0.036 
ATOM 28 H7 SLP 1 -0.506 3.085 11.241 1.1 -0.081 
ATOM 29 H8 SLP 1 1.403 1.526 9.51 1.1 0.082 
ATOM 30 H9 SLP 1 1.65 3.068 10.351 1.1 0.078 
ATOM 31 H10 SLP 1 0.092 4.101 8.536 1.1 -0.251 
ATOM 32 H11 SLP 1 1.727 3.634 8.031 1.1 -0.139 
ATOM 33 H12 SLP 1 1.52 3.048 5.97 1.1 -0.051 
ATOM 34 H13 SLP 1 1.649 2.621 3.758 1.1 0.083 
ATOM 35 H14 SLP 1 1.037 1.375 1.698 1.1 0.098 
ATOM 36 H15 SLP 1 -0.742 -0.382 1.823 1.1 0.075 
ATOM 37 H16 SLP 1 -1.865 -0.867 3.982 1.1 0.139 
ATOM 38 O1 SLP 2 -0.319 -2.496 10.082 1.52 -0.633 
ATOM 39 O3 SLP 2 -1.687 -0.382 11.413 1.52 -0.733 
ATOM 40 N1 SLP 2 -1.692 -2.615 7.633 1.55 -0.859 
ATOM 41 N2 SLP 2 -3.386 -2.299 10.017 1.55 -0.704 
ATOM 42 C1 SLP 2 0.648 -3.071 9.416 1.7 0.104 
ATOM 43 C2 SLP 2 1.864 -3.377 10.098 1.7 -0.063 
ATOM 44 C3 SLP 2 2.921 -4.01 9.462 1.7 -0.194 
ATOM 45 C4 SLP 2 2.827 -4.389 8.106 1.7 -0.089 
ATOM 46 C5 SLP 2 1.649 -4.122 7.423 1.7 -0.025 
ATOM 47 C6 SLP 2 0.554 -3.472 8.036 1.7 -0.437 
ATOM 48 C7 SLP 2 -0.651 -3.286 7.26 1.7 0.369 
ATOM 49 C8 SLP 2 -2.884 -2.537 6.782 1.7 0.522 
ATOM 50 C9 SLP 2 -4.168 -2.592 7.65 1.7 -0.492 
ATOM 51 C10 SLP 2 -3.954 -3.247 9.029 1.7 0.785 
ATOM 52 C11 SLP 2 -4.041 -2.14 11.135 1.7 0.381 
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ATOM 53 C12 SLP 2 -3.737 -1.314 12.268 1.7 -0.376 
ATOM 54 C13 SLP 2 -4.651 -1.346 13.352 1.7 -0.09 
ATOM 55 C14 SLP 2 -4.459 -0.607 14.507 1.7 -0.29 
ATOM 56 C15 SLP 2 -3.303 0.204 14.605 1.7 -0.037 
ATOM 57 C16 SLP 2 -2.387 0.265 13.572 1.7 -0.462 
ATOM 58 C17 SLP 2 -2.559 -0.479 12.353 1.7 0.75 
ATOM 59 H1 SLP 2 1.926 -3.079 11.14 1.1 0.149 
ATOM 60 H2 SLP 2 3.836 -4.213 10.016 1.1 0.128 
ATOM 61 H3 SLP 2 3.659 -4.88 7.611 1.1 0.096 
ATOM 62 H4 SLP 2 1.55 -4.412 6.378 1.1 0.086 
ATOM 63 H5 SLP 2 -0.656 -3.786 6.278 1.1 0.046 
ATOM 64 H6 SLP 2 -2.842 -1.582 6.253 1.1 0.036 
ATOM 65 H7 SLP 2 -2.878 -3.352 6.037 1.1 -0.081 
ATOM 66 H8 SLP 2 -4.536 -1.576 7.811 1.1 0.082 
ATOM 67 H9 SLP 2 -4.944 -3.15 7.11 1.1 0.078 
ATOM 68 H10 SLP 2 -3.263 -4.092 8.936 1.1 -0.251 
ATOM 69 H11 SLP 2 -4.912 -3.637 9.408 1.1 -0.139 
ATOM 70 H12 SLP 2 -4.97 -2.719 11.253 1.1 -0.051 
ATOM 71 H13 SLP 2 -5.531 -1.982 13.257 1.1 0.083 
ATOM 72 H14 SLP 2 -5.175 -0.648 15.322 1.1 0.098 
ATOM 73 H15 SLP 2 -3.134 0.786 15.509 1.1 0.075 
ATOM 74 H16 SLP 2 -1.495 0.88 13.646 1.1 0.139 
ATOM 75 MN MNC 3 -1.442 1.114 7.949 2 3 
ATOM 78 MN MNC 4 -1.634 -1.188 9.406 2 4 
ATOM 95 O OXO 5 -0.345 -0.019 8.73 1.52 -2 
ATOM 112 O OXO 6 -2.722 0.079 8.553 1.52 -2 
 
S8.g) Optimized structure of complex 7 in the III-IV state:  
        DelPhi DelPhi 
     X Y Z Radius Charge 
ATOM 1 O1 CLS 1 -2.886 2.566 7.351 1.52 -0.932 
ATOM 2 O3 CLS 1 -1.497 0.437 5.9 1.52 -0.800 
ATOM 3 N1 CLS 1 -1.441 2.6 9.72 1.55 -0.495 
ATOM 4 N2 CLS 1 0.149 2.368 7.298 1.55 -0.402 
ATOM 5 C1 CLS 1 -3.842 3.067 8.073 1.7 0.118 
ATOM 6 C2 CLS 1 -5.101 3.391 7.481 1.7 -0.099 
ATOM 7 C3 CLS 1 -6.164 3.943 8.171 1.7 0.038 
ATOM 8 C4 CLS 1 -5.997 4.217 9.532 1.7 -0.065 
ATOM 9 C5 CLS 1 -4.806 3.955 10.178 1.7 0.055 
ATOM 10 C6 CLS 1 -3.724 3.386 9.474 1.7 -0.315 
ATOM 11 C7 CLS 1 -2.477 3.205 10.194 1.7 0.317 
ATOM 12 C8 CLS 1 -0.166 2.528 10.437 1.7 0.188 
ATOM 13 C9 CLS 1 0.964 3.154 9.571 1.7 -0.195 
ATOM 14 C10 CLS 1 0.539 3.524 8.139 1.7 0.232 
ATOM 15 C11 CLS 1 0.894 2.115 6.261 1.7 0.36 
ATOM 16 C12 CLS 1 0.689 1.167 5.199 1.7 -0.626 
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ATOM 17 C13 CLS 1 1.725 1.069 4.239 1.7 0.071 
ATOM 18 C14 CLS 1 1.582 0.266 3.132 1.7 -0.165 
ATOM 19 C15 CLS 1 0.401 -0.455 2.906 1.7 0.072 
ATOM 20 C16 CLS 1 -0.611 -0.36 3.837 1.7 -0.352 
ATOM 21 C17 CLS 1 -0.542 0.414 5.054 1.7 0.961 
ATOM 22 H1 CLS 1 -7.099 4.155 7.668 1.1 0.092 
ATOM 23 H2 CLS 1 -4.692 4.183 11.232 1.1 0.092 
ATOM 24 H3 CLS 1 -2.44 3.645 11.201 1.1 0.032 
ATOM 25 H4 CLS 1 0.033 1.47 10.61 1.1 0.08 
ATOM 26 H5 CLS 1 -0.228 3.026 11.414 1.1 -0.028 
ATOM 27 H6 CLS 1 1.818 2.47 9.531 1.1 0.056 
ATOM 28 H7 CLS 1 1.318 4.081 10.042 1.1 0.041 
ATOM 29 H8 CLS 1 -0.325 4.193 8.176 1.1 -0.009 
ATOM 30 H9 CLS 1 1.365 4.068 7.655 1.1 -0.06 
ATOM 31 H10 CLS 1 1.797 2.728 6.131 1.1 -0.015 
ATOM 32 H11 CLS 1 2.635 1.642 4.385 1.1 0.077 
ATOM 33 H12 CLS 1 0.28 -1.065 2.02 1.1 0.083 
ATOM 34 CL1 CLS 1 -7.406 4.951 10.462 1.75 -0.085 
ATOM 35 CL2 CLS 1 -5.325 3.045 5.702 1.75 -0.006 
ATOM 36 CL3 CLS 1 -2.159 -1.278 3.48 1.75 -0.137 
ATOM 37 CL4 CLS 1 2.942 0.136 1.899 1.75 -0.179 
ATOM 38 O1 CLS 2 -0.532 -2.569 9.955 1.52 -0.932 
ATOM 39 O3 CLS 2 -1.684 -0.408 11.145 1.52 -0.8 
ATOM 40 N1 CLS 2 -1.859 -2.177 7.604 1.55 -0.495 
ATOM 41 N2 CLS 2 -3.399 -2.332 9.925 1.55 -0.402 
ATOM 42 C1 CLS 2 0.453 -2.994 9.234 1.7 0.118 
ATOM 43 C2 CLS 2 1.655 -3.489 9.829 1.7 -0.099 
ATOM 44 C3 CLS 2 2.736 -3.947 9.106 1.7 0.038 
ATOM 45 C4 CLS 2 2.646 -3.963 7.706 1.7 -0.065 
ATOM 46 C5 CLS 2 1.506 -3.55 7.053 1.7 0.055 
ATOM 47 C6 CLS 2 0.405 -3.067 7.796 1.7 -0.315 
ATOM 48 C7 CLS 2 -0.823 -2.779 7.102 1.7 0.317 
ATOM 49 C8 CLS 2 -3.137 -2.127 6.871 1.7 0.188 
ATOM 50 C9 CLS 2 -4.234 -2.925 7.633 1.7 -0.195 
ATOM 51 C10 CLS 2 -3.808 -3.425 9.023 1.7 0.232 
ATOM 52 C11 CLS 2 -4.087 -2.123 11.003 1.7 0.36 
ATOM 53 C12 CLS 2 -3.784 -1.201 12.065 1.7 -0.626 
ATOM 54 C13 CLS 2 -4.709 -1.137 13.133 1.7 0.071 
ATOM 55 C14 CLS 2 -4.429 -0.39 14.254 1.7 -0.165 
ATOM 56 C15 CLS 2 -3.21 0.288 14.382 1.7 0.072 
ATOM 57 C16 CLS 2 -2.31 0.229 13.338 1.7 -0.352 
ATOM 58 C17 CLS 2 -2.552 -0.457 12.102 1.7 0.961 
ATOM 59 H1 CLS 2 3.632 -4.287 9.609 1.1 0.092 
ATOM 60 H2 CLS 2 1.446 -3.586 5.97 1.1 0.092 
ATOM 61 H3 CLS 2 -0.898 -3.148 6.075 1.1 0.032 
ATOM 62 H4 CLS 2 -5.637 -1.694 13.064 1.1 0.08 
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ATOM 63 H5 CLS 2 -2.971 0.839 15.282 1.1 -0.028 
ATOM 64 H6 CLS 2 -3.413 -1.079 6.788 1.1 0.056 
ATOM 65 H7 CLS 2 -2.995 -2.525 5.863 1.1 0.041 
ATOM 66 H8 CLS 2 -5.128 -2.301 7.735 1.1 -0.009 
ATOM 67 H9 CLS 2 -4.524 -3.809 7.05 1.1 -0.06 
ATOM 68 H10 CLS 2 -2.949 -4.097 8.931 1.1 -0.015 
ATOM 69 H11 CLS 2 -4.633 -3.995 9.474 1.1 0.077 
ATOM 70 H12 CLS 2 -4.979 -2.739 11.174 1.1 0.083 
ATOM 71 CL1 CLS 2 4.089 -4.574 6.747 1.75 -0.085 
ATOM 72 CL2 CLS 2 1.77 -3.493 11.65 1.75 -0.006 
ATOM 73 CL3 CLS 2 -0.702 1.058 13.578 1.75 -0.137 
ATOM 74 CL4 CLS 2 -5.641 -0.295 15.63 1.75 -0.179 
ATOM 75 MN MNC 3 -1.567 1.221 7.943 2 3 
ATOM 78 MN MNC 4 -1.78 -1.125 9.322 2 4 
ATOM 95 O OXO 5 -0.492 -0.103 8.705 1.52 -2 
ATOM 112 O OXO 6 -2.865 0.104 8.69 1.52 -2 
 
S8.h) Optimized structure of complex 8 in the III-IV state:  
        DelPhi DelPhi 
     X Y Z Radius Charge 
ATOM 1 O1 SNO 1 -2.859 2.729 7.715 1.52 -0.629 
ATOM 2 O3 SNO 1 -1.564 0.683 5.939 1.52 -0.631 
ATOM 3 N1 SNO 1 -1.212 2.453 9.899 1.55 -0.441 
ATOM 4 N2 SNO 1 0.174 2.414 7.368 1.55 -0.368 
ATOM 5 C1 SNO 1 -3.734 3.143 8.552 1.7 0.387 
ATOM 6 C2 SNO 1 -5.047 3.538 8.118 1.7 -0.18 
ATOM 7 C3 SNO 1 -6.039 3.923 8.991 1.7 -0.252 
ATOM 8 C4 SNO 1 -5.757 4.017 10.35 1.7 0.1 
ATOM 9 C5 SNO 1 -4.492 3.705 10.835 1.7 -0.259 
ATOM 10 C6 SNO 1 -3.489 3.263 9.98 1.7 -0.222 
ATOM 11 C7 SNO 1 -2.169 3.02 10.543 1.7 0.341 
ATOM 12 C8 SNO 1 0.154 2.347 10.422 1.7 0.158 
ATOM 13 C9 SNO 1 1.086 3.266 9.574 1.7 -0.233 
ATOM 14 C10 SNO 1 0.527 3.606 8.171 1.7 0.459 
ATOM 15 C11 SNO 1 0.944 2.102 6.378 1.7 0.221 
ATOM 16 C12 SNO 1 0.733 1.07 5.385 1.7 -0.131 
ATOM 17 C13 SNO 1 1.797 0.752 4.549 1.7 -0.274 
ATOM 18 C14 SNO 1 1.666 -0.199 3.54 1.7 0.074 
ATOM 19 C15 SNO 1 0.447 -0.841 3.324 1.7 -0.302 
ATOM 20 C16 SNO 1 -0.64 -0.497 4.098 1.7 -0.056 
ATOM 21 C17 SNO 1 -0.575 0.448 5.199 1.7 0.384 
ATOM 22 H1 SNO 1 -7.027 4.159 8.621 1.1 0.154 
ATOM 23 H2 SNO 1 -4.3 3.811 11.896 1.1 0.141 
ATOM 24 H3 SNO 1 -2.019 3.368 11.573 1.1 -0.034 
ATOM 25 H4 SNO 1 0.446 1.303 10.304 1.1 0.053 
ATOM 26 H5 SNO 1 0.211 2.626 11.482 1.1 -0.036 
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ATOM 27 H6 SNO 1 2.065 2.786 9.473 1.1 0.04 
ATOM 28 H7 SNO 1 1.227 4.222 10.093 1.1 0.029 
ATOM 29 H8 SNO 1 -0.388 4.195 8.27 1.1 -0.072 
ATOM 30 H9 SNO 1 1.275 4.206 7.632 1.1 -0.154 
ATOM 31 H10 SNO 1 1.86 2.688 6.226 1.1 -0.048 
ATOM 32 H11 SNO 1 2.758 1.239 4.674 1.1 0.14 
ATOM 33 H12 SNO 1 0.355 -1.587 2.545 1.1 0.175 
ATOM 34 N75 SNO 1 -6.794 4.466 11.27 1.55 0.644 
ATOM 35 N76 SNO 1 -5.392 3.519 6.685 1.55 0.72 
ATOM 36 N77 SNO 1 -1.899 -1.174 3.814 1.55 0.702 
ATOM 37 N78 SNO 1 2.805 -0.509 2.687 1.55 0.716 
ATOM 38 O79 SNO 1 -1.839 -2.393 3.518 1.52 -0.435 
ATOM 39 O80 SNO 1 -2.952 -0.536 3.89 1.52 -0.369 
ATOM 40 O81 SNO 1 2.64 -1.348 1.785 1.52 -0.409 
ATOM 41 O82 SNO 1 3.875 0.087 2.908 1.52 -0.431 
ATOM 42 O87 SNO 1 -4.52 3.83 5.87 1.52 -0.427 
ATOM 43 O88 SNO 1 -6.567 3.228 6.397 1.52 -0.436 
ATOM 44 O89 SNO 1 -7.907 4.749 10.796 1.52 -0.405 
ATOM 45 O90 SNO 1 -6.5 4.543 12.476 1.7 -0.405 
ATOM 46 O1 SNO 2 -0.482 -2.639 9.658 1.52 -0.629 
ATOM 47 O3 SNO 2 -1.728 -0.567 11.006 1.52 -0.631 
ATOM 48 N1 SNO 2 -1.865 -2.144 7.391 1.55 -0.441 
ATOM 49 N2 SNO 2 -3.377 -2.401 9.699 1.55 -0.368 
ATOM 50 C1 SNO 2 0.502 -2.964 8.912 1.7 0.387 
ATOM 51 C2 SNO 2 2.724 -3.661 7.285 1.7 -0.18 
ATOM 52 C3 SNO 2 2.847 -3.696 8.674 1.7 -0.252 
ATOM 53 C4 SNO 2 1.757 -3.403 9.46 1.7 0.1 
ATOM 54 C5 SNO 2 1.524 -3.305 6.684 1.7 -0.259 
ATOM 55 C6 SNO 2 0.427 -2.942 7.462 1.7 -0.222 
ATOM 56 C7 SNO 2 -0.841 -2.693 6.817 1.7 0.341 
ATOM 57 C8 SNO 2 -3.21 -2.154 6.747 1.7 0.158 
ATOM 58 C9 SNO 2 -4.109 -3.216 7.448 1.7 -0.233 
ATOM 59 C10 SNO 2 -3.638 -3.593 8.871 1.7 0.459 
ATOM 60 C11 SNO 2 -4.179 -2.109 10.664 1.7 0.221 
ATOM 61 C12 SNO 2 -3.998 -1.055 11.634 1.7 -0.131 
ATOM 62 C13 SNO 2 -5.052 -0.782 12.503 1.7 -0.274 
ATOM 63 C14 SNO 2 -4.909 0.139 13.53 1.7 0.074 
ATOM 64 C15 SNO 2 -3.692 0.779 13.743 1.7 -0.302 
ATOM 65 C16 SNO 2 -2.621 0.489 12.927 1.7 -0.056 
ATOM 66 C17 SNO 2 -2.718 -0.395 11.79 1.7 0.384 
ATOM 67 H1 SNO 2 3.791 -3.964 9.128 1.1 0.154 
ATOM 68 H2 SNO 2 1.46 -3.313 5.603 1.1 0.141 
ATOM 69 H3 SNO 2 -0.945 -3.04 5.786 1.1 -0.034 
ATOM 70 H4 SNO 2 -6.001 -1.291 12.395 1.1 0.053 
ATOM 71 H5 SNO 2 -3.585 1.487 14.553 1.1 -0.036 
ATOM 72 H6 SNO 2 -3.612 -1.151 6.875 1.1 0.04 
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ATOM 73 H7 SNO 2 -3.115 -2.389 5.685 1.1 0.029 
ATOM 74 H8 SNO 2 -5.132 -2.829 7.492 1.1 -0.072 
ATOM 75 H9 SNO 2 -4.119 -4.14 6.857 1.1 -0.154 
ATOM 76 H10 SNO 2 -2.699 -4.15 8.824 1.1 -0.048 
ATOM 77 H11 SNO 2 -4.399 -4.225 9.349 1.1 0.14 
ATOM 78 H12 SNO 2 -5.072 -2.727 10.815 1.1 0.175 
ATOM 79 N75 SNO 2 1.931 -3.518 10.92 1.55 0.644 
ATOM 80 N76 SNO 2 3.866 -4.039 6.457 1.55 0.72 
ATOM 81 N77 SNO 2 -1.35 1.149 13.246 1.55 0.702 
ATOM 82 N78 SNO 2 -6.03 0.4 14.428 1.55 0.716 
ATOM 83 O79 SNO 2 -1.419 2.295 13.74 1.52 -0.435 
ATOM 84 O80 SNO 2 -0.297 0.546 13.025 1.52 -0.369 
ATOM 85 O81 SNO 2 -5.847 1.193 15.364 1.52 -0.409 
ATOM 86 O82 SNO 2 -7.095 -0.2 14.202 1.52 -0.431 
ATOM 87 O87 SNO 2 4.913 -4.374 7.036 1.52 -0.427 
ATOM 88 O88 SNO 2 3.716 -4.012 5.224 1.52 -0.436 
ATOM 89 O89 SNO 2 3.052 -3.24 11.378 1.52 -0.405 
ATOM 90 O90 SNO 2 0.97 -3.916 11.585 1.7 -0.405 
ATOM 91 MN MNC 3 -1.537 1.278 8.035 2 3 
ATOM 94 MN MNC 4 -1.77 -1.187 9.136 2 4 
ATOM 111 O OXO 5 -0.475 -0.139 8.584 1.52 -2 
ATOM 128 O OXO 6 -2.849 0.096 8.632 1.52 -2 
 
 




Calculations on chloride binding using the 




Figure	   C1A	   .	   This	   chloride	   is	   bound	   to	   the	  
calcium	   ion	   as	   found	   in	   the	   QM	   calculations.	  
The	   high	   affinity	   of	   this	   site	   is	   due	   to	   the	  
favorable	   electrostatic	   interactions	   with	   the	  
Mn4Ca	   cluster	   and	   weaker	   favorable	  
interactions	  with	  CP43-­‐R357	  and	  D1-­‐HIS190.	  
 Figure	   C1B	   .	   This	   chloride	   binds	   near	  
D2-­‐K317	  at	   the	  entrance	  of	   the	  possible	  
proton	   exit	   pathway,	   breaking	   the	   salt	  
bridge	   between	   the	   D1-­‐D61	   and	   D2-­‐
K317.	   As	   the	   chloride	   is	   bound	   in	   this	  
position	   D61	   becomes	   protonated	   (see	  
Fig.	  12).	  
 Figure	  C1C.	  This	  chloride	  is	  stabilized	  by	  
the	   positive	   potential	   generated	   by	   the	  
backbone	   and	   the	   favorable	   electrostatic	  




The Cl is added to 1763 sites in the 30Å sphere centered at the OEC. At pH 7, chloride is 
retained in 3 sites in Monte Carlo sampling, the first binding site is 1.10 Å from the predicted 
QM/MM binding site shown in Figure C1A.  The second binding site is 9.6Å from Mn4 of the 
Mn4Ca cluster, 3.3Å from the nitrogen side chain of D2-LYS317 and 7.2A from a side chain of 
oxygen D1-ASP61 at the entrance of the putative proton exit channel. This Asp is calculated to 
be protonated in the presence of the chloride (Figure C1B).  The third site is very close to one 
found in the 3.0 Å resolution X-ray structure 2AXT (Figure C1C).  It is 4.2A from the backbone 
HN of CP43-GLU354, 2.8Å from the backbone HN of D1-ASN338 and 7.00Å from Mn1 of the 
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Mn4O5Ca2+ cluster. Each of these chlorides is deeply buried having lost 12-16 kcal/mol of 
solvation energy.  However, each has favorable interactions with the protein.  The major 
contributors to the chloride affinity are D1-Arg357 and D1-His 190 for the ion near the OEC; 
Lys317 and D1-357 for the ion near salt bridge.  For the third site the interactions are with D1-
ASN338 and CP43-ARG357 and the protein backbone dipoles.  
Monte Carlo sampling of side chain protonation states and positions was compared with 
and without chloride (Figure C2). In the binding site near D2-LYS317 and D1-ASP61, removing 
the chloride results in a formation of a strong salt bridge between the LysH+ and Asp-, in 
agreement with the results of the MD simulations by Sproviero.  The interaction energy of the 
salt-bridge is ≈13 kcal/mol.  When the chloride is present the salt bridge breaks and Asp61 
become protonated so the site now contains LysH+, Cl- and AspH. As Cl binding is strongly 
coupled to proton uptake to the Asp the net charge of the cluster is independent of chloride 
concentration. The pH for the Asp calculated to be below 0 when it is in the salt bridge, while it 
is more than 12 when the Cl is constrained to remain bound.  The pKa of the Asp61 and affinity 
of the Cl are coupled and pH dependent. 
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There are no significant changes in the ionization states or the selected side chain rotamers when 
the Cl near CP43-GLU354 and D1-ASN338 is removed.  The chloride bound to the calcium of 
the Mn4O5Ca2+ cluster perturbs the protonation of D1-HIS190 leading to a conformational 













Figure C2. The most occupied conformers at pH 7 found in Monte Carlo sampling.  
When chloride is bound the salt-bridge is broken and D1-D61 becomes protonated.   A) 
the selected conformer when the chloride is bound to D2-K317. B) the occupied  
conformers when there is no chloride bound. 
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